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Frontispiece: The central region of the Fornax cluster of galaxies contains sev­
eral of the galaxies that are the subject of both the giant elliptical galaxy velocity 
anisotropy study and the nucleated dwarf project. At centre is NGC 1399 (a), a cD 
galaxy and the central dominant member of Fornax. Nearby is NGC 1404 (b), a 
normal cluster giant, also investigated in this thesis. The now well known discrep­
ancy between the globular cluster populations of cluster ellipticals, with a cloud 
of globular clusters (stellar like images) around the first-ranked NGC 1399, but a 
noticeably smaller population about the second ranked NGC 1404, is obvious in 
this print. Surface photometry from Schombert (1986) shows that the cD envelope 
of NGC 1399 extends over 3000 arcsec from its core which, although not obvious, 
means its halo covers more than the entire area of this print.
There are four nucleated dwarf elliptical galaxies (dEn), labeled (c,d,e,f), that 
form half our sample of dEn galaxies. Two other prominent dEn are indicated with 
a small horizontal line. The sample is labeled dEn-#l -  dEn-#8; dEn-#5=(c), 
dEn-#6=(f), dEn-#7=(e), dEn-#8=(d). The bright nucleus is most clear in (a), 
(d) and the two unnamed galaxies. There are several other dEn in this field if one 
has the patience to look for them.
The original IllaJ plate was taken by D. F. Malin using the Anglo-Australian 
Telescope. This print is made from a direct and unsharp-masked copy of the 
original: scale is 15.4 arcsec/mm.

A b s tra c t
This thesis contains a study of four giant elliptical galaxies, NGC 1399, NGC 
1404, M49 and M87. We have fit standard dynamical models to their surface bright­
ness distributions and found that while NGC 1404 and M49 are well represented 
by King-Michie models, the surface brightness distributions of the cD galaxies M87 
and NGC 1399 are not.
From long slit spectra, we have determined accurate velocity dispersion values 
at larger radii than previously available. We were able to successfully fit standard 
kinematic models to the velocity dispersion profiles of NGC 1404, M49 and (sur­
prisingly) M87. However, NGC 1399 has a flat velocity dispersion profile out to 
the limit of measurement and cannot be fit by standard models.
The cD galaxies M87 and NGC 1399 have M/L ratios significantly higher than 
the non-cD galaxies and show a rising M/L with increasing radius. Based on the 
surface photometry of Schombert (1986) we conclude that NGC 1399 is a much 
more luminous galaxy than previously thought, with an integrated magnitude of 
B  =  8.6 (M87 has B = 9.6).
While the King-Michie model fits the velocity dispersion profiles of three of the 
galaxies well, there is no clear indication as to which of the isotropic, tangentially or 
radially anisotropic velocity dispersion models are better. This highlights the need 
for additional techniques, such as measuring line-of-sight velocity distributions (De- 
jonghe 1987), to help constrain the models. We present a modified Fourier quotient 
method to measure the shape of the line-of-sight velocity distributions from the 
spectra of the four elliptical galaxies. By comparison with simulations, we conclude 
that none of the galaxies have significantly non-gaussian velocity distributions.
This thesis also contains a study of some of the smallest elliptical galaxies. 
Nucleated dwarf elliptical galaxies (dEn) are found in rich clusters, small groups 
and as the satellites of relatively isolated galaxies. We have obtained high quality, 
two colour (F?, R) surface photometry of 8 dEn and have fitted both King models 
and a simple exponential model to their surface brightness distributions. Some 
are well fit by the King model and others better fit by the exponential model. 
R , B — R, ellipticity and position angle profiles are presented for each galaxy. 
Estimates of nuclear and total integrated magnitudes as well as a number of other 
global properties are determined.
We find (in accordance with other studies) that the brightest dEn have the 
largest scale lengths and also (a weaker relationship) that the brightest dEn have 
a higher central surface brightness. There is some evidence that non-cluster dEn 
are less luminous and have smaller scale lengths than cluster dEn. The sample is
small and further work is needed on non-cluster dEn generally.
Spectra were obtained for 4 of the dEn nuclei, and by qualitatively comparing 
them to a number of Galactic and LMC globular cluster spectra we are able to 
draw some conclusions about their likely ages and metallicity.
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C hapter 1 
In trod u ction
The discovery that the figures of giant elliptical galaxies are not rotationally flat­
tened but instead supported by their anisotropic internal velocity dispersion has 
been largely responsible for the growing interest in the dynamics of elliptical galax­
ies over the last 15 years. The recent review by Kormendy & Djorgovski (1989) 
gives a comprehensive account of the present knowledge of the structure of elliptical 
galaxies. It is not our intention to cover a wide range of issues in this introduction, 
but rather to highlight the areas directly relevant to our work and provide some 
background to its motivations.
1.1 E lliptical galaxies
Currently there are several major views on the formation of elliptical galaxies. Van 
Albada (1982) studied the formation of elliptical galaxies by N-body simulations 
of dissipationless violent relaxation processes. He found that, for systems with a 
large collapse factor (2T / W  «  0.1), the final galaxy configurations have density 
profiles consistent with the de Vaucouleurs r 1/4 law and thus with many normal 
elliptical galaxies. The models that fit real galaxies best had nearly isotropic veloc­
ity distributions inside r < re and strongly radial velocity dispersion in their halos 
(r Z  re).
An alternative to this view is that ellipticals form by mergers of galaxies, leading 
to a variety of possible orbits ranging from radial to highly tangential depending on 
the circumstances of the individual mergers. White (1979) showed that for mergers 
of pairs of similar galaxies, the final configurations had near power-law surface 
densities (similar to the r 1/4 law) over a large range in radius. Large ellipticals 
such as M87 in Virgo and NGC 1399 in Fornax, sitting at the centre of clusters, 
accrete a considerable number of smaller galaxies over time, possibly leading to 
tangentially dominated halos. There is also direct evidence of mergers from the 
shell structures observed in many elliptical galaxies (Malin & Carter, 1983).
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Kormendy (1989a, 1989b) and van den Bergh (1989) both argue tha t, although 
there is some evidence of mergers in ellipticals, the high central phase space den­
sities (Carlberg 1986, 1987) and L-a  relation (Tremaine 1981) of low luminosity 
ellipticals make it unlikely tha t they formed from merged disk galaxies. Kormendy 
goes on to argue tha t both mechanisms are im portant and th a t arguments for only 
mergers or only dissipative collapse are flawed. However, in the case of giant el­
liptical galaxies, the central phase space density is similar to tha t found in disks 
(Carlberg 1986). W hen they reside near the centre of clusters, there can be lit­
tle doubt tha t they accrete a considerable number of smaller galaxies during their 
lifetime, regardless of how they may have formed.
Isolated ellipticals are particularly interesting, in tha t they have probably 
changed relatively little since their formation. This may not be true of cluster 
ellipticals, which have accreted a large number of smaller galaxies since formation. 
Accurate modelling of elliptical galaxies is essential to understanding their true 
nature and possibly offers unique insight into their formation processes. Chapter 2 
deals with the modelling of spherical elliptical galaxies and we defer the discussion 
of standard modelling techniques to tha t chapter.
Observational m aterial on a large number of ellipticals is now available in the 
literature and this poses an increasing challenge to the theoretical study of their 
dynamics. The constraints on the models take the form of surface brightness dis­
tributions, velocity dispersion profiles and in some cases, rotation curves. Since the 
advent of modern digital detectors, the surface brightness distributions of the core 
regions of the galaxies are now measured with unprecedented accuracy, revealing 
structure on small scales (Kormendy 1987). However, for the largest ellipticals we 
must still rely upon photographic surface photom etry to give us information about 
their outer halos.
The Fourier quotient m ethod of Sargent et al. (1977, SSBS) brought a new level 
of accuracy to velocity dispersion measurements and allowed the velocity dispersion 
profiles to be measured much further into the halos of galaxies. The SSBS method 
also returns redshift and rotation velocity information.
Despite these data, the kinem atic modelling of elliptical galaxies is still poorly 
constrained. Dejonghe (1987) studied a one param eter family of anisotropic Plum ­
mer models and showed tha t the dynamical param eters could be varied without
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significantly changing the projected quantities of radial surface brightness and ve­
locity dispersion. He produced line-of-sight velocity distribution profiles for these 
models, showing that they are modified by the dynamical parameters and proposed 
these as a further observational constraint on the models.
Tangentially anisotropic velocity dispersion can cause the projected line-of- 
sight velocity distribution to become squarer than gaussian. Some of Dejonghe’s 
tangential Plummer models showed this effect. Gerhard (1991) studied a power- 
law model embedded in a Keplerian potential (or a scale-free isothermal halo) and 
obtained top-hat-like line profiles. Tonry (1984) has suggested that the relatively 
flat velocity dispersion profiles observed in some elliptical galaxies may be due to 
the velocity distribution becoming progressively more tangential with increasing 
radius. We use a model with all stars on circular orbits in a logarithmic potential 
(constant circular velocity) to produce very square projected line-of-sight velocity 
distributions (chapter 2).
There are a number of real systems that have non-gaussian line-of-sight velocity 
distributions. Bender (1990) observed the elliptical galaxy NGC 4621 and analysed 
its spectra using his Fourier correlation quotient method. Unlike the SSBS Fourier 
quotient method, the FCQ method does not assume the stellar broadening function 
to be gaussian. NGC 4621 was shown to have an asymmetric line profile, consistent 
with a rapidly rotating disk and a slowly rotating spheroid. More recently, Rix & 
White (1991) have introduced a non-Fourier method for detecting non-gaussian line 
profiles and have applied their method to the study of two elliptical galaxies with 
kinematically distinct cores. The measured line profiles are clearly asymmetric.
All these observations were carried out at relatively small radii (high surface 
brightnesses) and were primarily aimed at detecting asymmetry in the line profiles. 
This leaves open the challenge of measuring possibly non-gaussian, but symmetric, 
line-of-sight velocity distributions in the halos of giant elliptical galaxies and at 
faint surface brightnesses.
1.2 N ucleated  Dw arf E lliptical G alaxies
The original motivation to study both giant elliptical galaxies and these dwarf 
ellipticals in this thesis was based upon the intention to fit dynamical models to
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both the largest and smallest elliptical galaxies. If the nucleated dwarf elliptical 
galaxies (dEn) could be well represented by either standard spheroidal models or 
exponential disk-like models, then this might give some clue as to their true nature.
Reaves (1983) published a catalog of dwarf galaxies near the Virgo cluster. Of 
his sample of over 800 galaxies, more than 20% had stellar-like nuclei. Caldwell 
(1983) looked at approximately 30 low luminosity ellipticals in the Virgo cluster 
and near other major galaxies. He found four to have nuclei which were up to 2 
magnitudes brighter than expected from the main part of the galaxy’s luminosity 
profile. He was unable to find any dependence of nuclear magnitude on any other 
quantity.
When the extensive studies of Virgo galaxies by Reaves (1983), Binggeli 
et al. (1984) and Sandage & Binggeli (1984) revealed the extent of the dwarf galaxy 
population in Virgo, much attention turned to the Virgo dwarfs. The large number 
of dwarfs galaxies made it possible to study them statistically. The dEn are known 
to form a large fraction of the total dwarf galaxy population in clusters such as For­
nax (Ferguson 1989) and Virgo (Binggeli et al. 1984), particularly at the brighter 
end of the luminosity function (van den Bergh 1986). They are also found in small 
groups and as satellites of relatively isolated galaxies (e.g. near NGC 3115).
There was initially some discussion as to whether dEn are disk-like or spheroidal 
objects. The fitting of King models and exponentials fail to give a clear indication 
of their three dimensional shape. The most conclusive evidence that they are 
spheroidal was shown by van den Bergh (1986) when he compared a histogram of 
ellipticity for dEn and non-nucleated dwarfs. While the non-nucleated dwarfs had 
a similar (nearly identical) distribution to elliptical galaxies in the Shapley-Ames 
catalog, the images of the dEn were clearly more circular. The conventional theory 
for why nucleated dE’s should be intrinsically more spherical than other dE’s is 
that in order for the nuclei to form, gas must be able to settle to centre of the 
galaxies. This would be more difficult in rotationally flattened galaxies.
Since the commencement of this project there has been productive research 
in the general area of dwarf galaxies (e.g. Caldwell Sz Bothun 1987; Ichikawa 
et al. 1986; Bothun & Mould 1988; and many others) and more recently Binggeli 
&; Cameron (1991). However, much of this work has focused on Virgo dwarfs and
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to a lesser extent Fornax dwarfs (Ferguson 1989). There has been little done on 
non-cluster dEn and this is an area tha t warrants more emphasis in future. Our 
study, presented in chapter 5 has focussed on a small sample of dEn, half of which 
are not in a cluster. The sample is too small to make definite statem ents about 
non-cluster dEn vs cluster dEn, but there is some indication of differences. We will 
leave discussion of this to chapter 5.
1.3 O utline of Thesis
C hapter 2 deals with the dynamical modelling of spherical elliptical galaxies. Four 
galaxies; NGC 1399 & NGC 1404 in Fornax and M87 (NGC 4486) k  M49 (NGC 
4472) in Virgo are studied in detail. Using a slightly modified form of the King- 
Michie distribution function to fit both the available surface photom etry and pro­
jected velocity dispersion data, we obtained mass-to-light ratios, integrated mag­
nitudes and a number of other gross properties for each of the galaxies. Velocity 
dispersion values for each galaxy, determined in chapter 4, are combined with pub­
lished data to extend the profiles to larger radii than measured previously. NGC 
1399 and M87 are both cD galaxies and some special treatm ent was necessary to 
derive M /L curves and other quantities.
We also employ a model where all stars are on circular orbits, allowing a study of 
an extrem e case of tangentially velocity dispersion. The properties of line-of-sight 
velocity distributions produced by this model are studied and by using a combi­
nation of it and the King-Michie model, a range of possible line-of-sight velocity 
distributions are produced for each galaxy. These distributions are determined at 
the same radii as our observations (chapter 3) and examined later in chapter 4.
Chapter 3 presents the spectroscopic data for the four giant elliptical galax­
ies mentioned above. All the spectra were obtained with the 3.9 m etre Anglo- 
A ustralian Telescope at Siding Spring Observatory. The observations and data 
reduction procedures are described in detail, as well as the reasons for choosing to 
study these particular elliptical galaxies.
Chapter 4 introduces a modification to the SSBS Fourier quotient method. 
The SSBS method is effective for determining the redshift and velocity dispersion 
of galaxies from spectra of their integrated starlight. However, its basic assumption
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is tha t the broadening of a galaxy’s absorption lines is due to a gaussian distribution 
of stellar velocities along the line-of-sight. We relax this assumption and replace 
the broadening function (BF) with a one param eter (ignoring scalings) family of 
line-of-sight velocity distribution functions. The parameterized BF can assume 
a range of shapes from gaussian to square and is a reasonable approximation to 
the line-of-sight velocity distributions seen in chapter 2. We use the kurtosis (see 
chapter 2) of the BF as a measure of its shape.
We ran a large number of simulations on synthetic spectra to test the effective­
ness of the modified Fourier quotient (MFQ) method. We conclude tha t although 
individual measurements of the kurtosis of a galaxy’s absorption lines may have a 
relatively large uncertainty, by using a number of tem plate stars as comparisons, 
the distribution of kurtosis gives us more precise information. Each of the four 
galaxies is compared to each of our 17 tem plate stars and the distribution of kurto­
sis values are compared to the test distributions. Using a simple statistical test, we 
draw conclusions about the true kurtosis of the velocity distribution in the outer 
regions of each galaxy.
Chapter 5 deals with the nucleated dwarf elliptical galaxies. We present surface 
photom etry for 8 dEn and spectra for 4 of them. Our intention was to study a 
small sample of dEn and attem pt to draw some general conclusions about their 
properties. However, the sample shows a wide variety of properties, demonstrating 
the diversity in this class of dwarf galaxy.
We fit both King models and exponentials to the halos of each galaxy and 
determ ine a number of global properties such as total magnitudes, nuclear magni­
tudes, ellipticity, B  — R  and other gross properties. The dEn spectra are compared 
qualitatively to a number of galactic and LMC globular cluster spectra and some 
conclusions are drawn about their approximate ages and metallicities.
One of the dEn galaxies shows evidence of isophotal twisting which may be the 
result of an encounter with another galaxy. It has a number of unusual properties 
when compared to the other dEn and these differences are consistent with a partial 
disruption of its halo.
The relationship between to tal m agnitude (Mß), central surface brightness 
Eß(0) (of the halo) and scale-length (SL) are investigated. We use data from
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our sample and Davies et al. (1988) data on Fornax dEn. There appears to be a 
strong M ß-SL relationship, in the sense that more luminous galaxies have larger 
scale lengths. There is a weaker relation between Eß(0) and Mg; more luminous 
galaxies have higher Eß(0), but more data are required to confirmed this. Finally, 
possible intrinsic differences between non-cluster and cluster dEn are discussed.
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C hapter 2
K in em a tic  M od ellin g  o f  Spherical S y stem s
2.1 Introduction
The aim of this chapter is to look at various types of models of spherical elliptical 
galaxies and study the effects of velocity anisotropy on the line-of-sight velocity 
distribution of the stellar component. A comparison will be made of some stan­
dard (King-Michie) isotropic and anisotropic models and then a strongly tangential 
model. We will show that standard models fit the surface brightness and velocity 
dispersion profiles of normal giant elliptical galaxies quite well, but fail to repro­
duce adequately the dispersion profiles of the largest ellipticals at very large or very 
small radii. Two galaxies in our sample (NGC 1399 &: M87) have extended halos 
and require special treatment to fit their surface brightness profiles at large radii. 
Mass-to-light ratios will be derived for each of the galaxies.
In this chapter, we will derive a set of possible line-of-sight velocity distributions, 
ranging from gaussian to top-hat-like functions. The viability of recovering these 
distributions from the integrated spectra of elliptical galaxies will be investigated 
in chapter 4.
For simplicity, we have chosen to study spherical elliptical galaxies. For non- 
spherical galaxies, it is not possible to uniquely determine the true spatial orienta­
tion and figure of a galaxy from its projected appearance, and some assumptions 
about the orientation of the galaxy would need to be made before projecting the 
model onto the plane of the sky.
All of the models presented here are non-rotating and spherically symmetric. 
For spherical systems it is sometimes possible to derive analytic forms for the pro­
jected quantities, whereas this is rarely true for more general shapes. The galaxies 
in our sample are E0/E1 and were observed with the slit of the spectrograph paral­
lel to the minor axis, thereby hopefully minimizing any differential rotation along 
the slit. Rotation curves are available for each of the galaxies and these will be 
discussed in chapter 3.
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The spectrum  of a galaxy represents the superposition of the individual spectra 
of all the stars in the galaxy that are imaged onto the slit of the spectrograph. 
The shape of the absorption line profiles in the resultant spectrum  comes partly 
from the intrinsic stellar absorption line profiles and the spectrograph resolution but 
predom inantly from the distribution of stellar velocities along the line of sight. If it 
were possible to accurately measure this line-of-sight distribution by removing the 
effects of the instrum ental and stellar profiles, this would give useful constraints 
on the 3-D velocity field. The modelling presented in this chapter will be used 
to calculate possible line-of-sight velocity distributions for the four galaxies in the 
sample. The spectra presented in chapter 3 will be analysed using a fourier quotient 
technique in chapter 4 to determine if these distributions can be recovered from 
the data.
Surface photom etry data, from CCD and photographic photometry, is available 
in the literature for a large number of elliptical galaxies, although, as we will argue 
later, the surface photom etry in the outer parts of giant elliptical galaxies is not 
totally reliable. In addition, there is a growing body of velocity data, predominantly 
taken parallel or perpendicular to the m ajor axis, yielding velocity dispersion and 
rotation.
The observed surface brightness and velocity dispersion curves are projected 
distributions. The process of projection allows in principle an infinite number 
of kinematical models th a t are consistent with the observed profiles. Even if the 
modelling is restricted to a specific class of model, it is still sometimes possible that 
the kinematic param eters can be varied without alfecting the projected quantities 
significantly ( e.g. Dejonghe 1987). Further observational information is needed to 
constrain the models and thus gain more insight into the internal kinematics of 
these systems. If the line-of-sight velocity distribution could be determined at one 
or more radial distances, this would provide more information about the velocity 
anisotropy, which is unconstrained at this time.
To fit the surface brightness £(i?) and velocity dispersion cr(R) profiles of the 
galaxies in our sample we will use the King-Michie models. These models fit the 
T,(R) and a(R)  profiles of normal ellipticals quite well but fail to fit the extended 
halos of cD galaxies. For M87 and NGC 1399, the Abel integral was used to invert
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the E(iü) curves into volume density p(r). Estimates of the mass-to-light ratio for 
each galaxy will be derived from these models.
The next section gives a brief overview of distribution function properties, fol­
lowed by a discussion of some standard distribution functions and other modelling 
methods. The King-Michie model will be discussed in detail before fitting it to the 
galaxy data  at the end of this chapter.
2.2 D istribution  Function M odelling
Stellar encounters are not im portant in elliptical galaxies (e.g. Binney & Tremaine 
1987) so we can consider them  to be collisionless systems. The phase space density 
distribution function, / ( £ ,  u; £), gives a complete description of a system. The mass 
of stars in a small phase space element d3xd3u is
dm =  f ( x ,  v; t) d3x d3v . (2.1)
where /  >  0 everywhere. We will consider equilibrium systems. By integrating 
f ( x , v) over all velocity space we get the volume density
P(®) = JJJ  /(*> v) d3u . (2.2)
The distribution function (DF) f ( x , v )  describing a steady-state collisionless 
system is a solution of the tim e independent collisionless Boltzmann equation. If 
$(:r) is the smooth gravitational potential then
£1 = =
Dt V dx  dv dx  dx dv
An integral of the motion is any quantity which is conserved by a star through­
out its orbit; a DF  tha t is a function of the integrals of the motion is a solution 
of the steady state collisionless Boltzmann equation (Jeans, 1915, 1922). For a 
star orbiting in a spherically symmetric potential, the isolating integrals are the 
total energy (E)  and the three components of the angular momentum («/). We 
wish only to consider non-rotating systems with isotropy in the tangential plane, 
so /  =  / ( F ,  J 2). In a self consistent system, the potential and density are related 
through Poisson’s equation,
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V 2$ (r)  =  4ttGp(f)  . (2.4)
W hen numerically generating models of galaxies and producing density p{r) and 
velocity dispersion cr(r) profiles, it is useful to have some independent way of check­
ing the correctness of the derived quantities. The stellar hydrodynamical equation 
is the second moment of the Boltzmann equation. Its spherically symmetric form 
is
where vr and vt are the radial and tangential velocities respectively. For isotropic 
systems the term  in square brackets is zero. We have employed this equation 
throughout our modelling to test the consistency of the derived values of p(r) and 
cr(r), ensuring generation of numerically accurate density and velocity profiles.
2.3 S tan d ard  M o d e ls  for S p h erica l S te lla r  S y s te m s
Many observed, roughly spherical, systems are adequately described by a simple 
King model. Historically, these models come from studies of star clusters. Chan­
drasekhar (1943) found a steady state  solution to the Fokker-Planck equation, with 
a finite velocity cutoff, which he used to estim ate the rate tha t stars are lost from a 
star cluster. Spitzer & Härm (1958) used the same equation attem pting to demon­
strate th a t the escape velocity would determine the cutoff velocity, but could not 
reconcile this with the fact th a t the density would fall to zero at some finite radius. 
It had already been argued tha t a star cluster would be tidally truncated in the 
gravitation field of the Milky Way (von Hoerner 1957) before King (1962) confirmed 
it observationally. This meant th a t the escape velocity would now be defined as 
the velocity required to reach the tidal radius (R t) rather than infinity. Although 
Michie (1963) and Michie &: Bodenheimer (1963) had already used essentially the 





F igure  2.1: The re la tionsh ip  between t id a l radius and the centra l po te n tia l Wo for 
the K in g  model. M odels are determ ined by the choice o f Wo, b u t often referred to
by logio(*R</rc)-
m  =
k -  e- E‘r t )for ; 
0 fo r E  >  E t ,
(2.6)
where <To is the  characte ris tic  ve loc ity  dispersion o f the system and E =  | u 2 - f  3>(r). 
K in g  (1966) defined the p o te n tia l to  be zero at the  c lus te r’s edge ( e.g. $>(Rt) =  0), 
and the  exten t o f the  system is determ ined by the choice o f Wo =  — $ (0 ) / ctq (figure 
2.1). A t the edge o f the c luster p(Rt)  and vesc(R t ) go to  zero. These models have 
W 0 as th e ir  on ly  dimensionless param eter, b u t to  f i t  to  an observed cluster p ro file  
there are tw o scalings invo lved, in  radius and surface density.
A ltho u gh  the surface density  derived from  th is  D F  fits  g lobu la r clusters, some 
e llip t ic a l galaxies and even some clusters o f galaxies qu ite  w e ll, its  unde rly ing  as­
sum ption  is th a t the ve loc ity  d ispersion is iso trop ic  everywhere. There is no a
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priori reason to assume this, and the model can be generalized to incorporate an 
angular m om entum  term . One widely used distribution function is
f ( E , J 2)
k (e-E^ 2 -  l ) e - j2/2Jo for E  <  0; 
0 for E  > 0 ,
(2.7)
where J0 =  <j0ra and ra is the transition or anisotropy radius (Kent h  Gunn 1982). 
These are two param eter (Wo,ra) models, which we will use in a slightly modified 
form in section 2.7. Another type of DF is
f ( E , J 2) = k{-EfJ-\(2.8)
The J -7 term  produces a constant ratio of tangential to radial velocity disper­
sion, whereas the exp( — J 2/2Jq) in equation 2.7 produces isotropic orbits in the 
centre and forces them  to be progressively more radial in the outer parts.
The velocity anisotropy in the outer parts of a model galaxy is strongly related 
to the way it is truncated. In the King model, for example, the truncation is in 
energy, which leads to radial orbits in the outer parts of the system, although the 
velocity dispersion is everywhere isotropic.
Kashlinsky (1988) showed tha t for a King model, circular orbits are excluded 
from nearly half the system due to the energy cutoff. Figure 2.2 plots the radius 
(as a fraction of the tidal radius) at which the energy of a circular orbit is zero. 
It is qualitatively similar to Kashlinsky’s figure 1, although our curve shows a dip 
between WQ =  3 and Wo =  11 and his is nearly straight in this region. Ignoring this 
small discrepancy, it can be seen tha t the ratio r(ec =  0) /Rt  is almost independent 
of the choice of the central potential.
Kashlinsky argued tha t the exclusion of tangential orbits in the outer parts of 
of a tidally truncated system has no physical basis. He instead suggested tha t no 
star should be excluded if it is gravitationally bound to the system, and proposed 
a new DF ,
f ( E , J 2)
( e-e/°l_  e - '2/ ^ 2) for < 0; 




Figure 2.2: Radius at which circular orbits are excluded by the energy cut-off in 
the King model, expressed as a fraction of the tidal radius. The solid curve is from 
our modelling and the dashed curve is from Kashlinsky (fig. 1, 1988)
by introducing a cut-off in radius and choosing a new arrangement of the King- 
Michie terms that still satisfies the Jeans theorem. The central potential Wo (as 
in the King model) is the only free parameter. The tidal radius R t, although 
appearing in equation 2.9, is uniquely determined by the choice of Wo.
This model looked as if it could enhance the tangential orbits at radii simi­
lar to those which spectrographic measurement of elliptical galaxies could reach. 
We constructed models based on Kashlinsky’s published equations. Checking the 
results using the hydrodynamical equation (2.5), large residuals were discovered. 
After some tedious calculations of the spherical equations, a significant number of 
typographical and other errors were found in the paper. All of the errors in the 
spherical equations have been confirmed by Kashlinsky (private communication). 
However, the figures in Kashlinsky (1988) are correct despite the erroneous equa-
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tions. Once a working version of this model was implemented, the actual properties 
were found to be quite similar to those of the King-Michie models (equation 2.7), 
well beyond radii of practical interest to us, and on this basis we decided against 
its use.
2.4 O ther M odelling M ethods
Before looking at the modelling methods adopted for this study, it would be useful 
to briefly review some of the alternatives to DF  modelling of spherical systems.
Binney & Mammon (1982) used observations of surface brightness 'E(R) and 
projected velocity dispersion cr(R) in an a ttem pt to determine the radial distribu­
tion of mass, assuming a constant velocity anisotropy. Alternatively, by assuming 
a constant mass-to-light ratio, the radial variation of the velocity anisotropy can 
be estim ated. Binney (1980) defines for a spherically symmetric system with no 
rotation, an anisotropy param eter;
0 = 1 - ( 2 . 10)
where v? (=  vj  -f u^) and v? are the tangential and radial velocity dispersions. 
ß(r)  describes the amount of velocity anisotropy at radius r, ß  > 0 implies radial 
dominance, ß  =  0 is isotropic and ß  < 0 is tangential anisotropy. Briefly, the method 
employs the spherical form of the Jeans equation with the above assumptions as 
well as ß  >  0 and uses the Abel integral to get deprojected quantities from the 
observed (projected) quantities. The final result is a linear differential equation 
tha t is easily solved to give mean radial velocity dispersion at each radius. Once 
some assumption is made about either the anisotropy ß(r)  or the mass-to-light 
ratio T (r)  the other can be calculated.
Two obvious problems with this procedure are; (1) tha t the data must be of high 
quality since it is the derivatives of I (R)  and I ( R)a (R)  th a t are used in the Abel 
equations, and (2) the phase space distribution function may not be everywhere 
non-negative which would render the results unphysical. The need to fix either 
T (r) or ß(r)  to a constant, as well as insisting on /?> 0 , is not ideal as there is no 
reason to assume either of these conditions are true.
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Some of these problems were addressed by Newton &; Binney (1984) who used a 
method after Lucy (1974) which is an iterative, numerical approach to determining 
the phase space DF and verifying tha t physical constraints are satisfied ( i.e. vj(r) >  
0 everywhere). They assume some form for the initial DF, derive I(R)  and cr(R) 
and then modify the DF to reduce the residuals. By repeating this process they 
eventually obtain a DF tha t is consistent with observational data. Their modelling 
adequately reproduced the observed I(R)  and cr(R) profiles of M87, as well as being 
consistent with the Binney & Mammon spatial profiles.
More recently, Binney, Davies & Illingworth (1990) have been studying flattened 
ellipticals (E3-E4). They observed (spectroscopically) a series of cuts parallel to the 
m ajor and minor axes of their galaxies to gain information about the two dimen­
sional velocity fields, and constructed axisymmetric mass models by deprojection 
of panoramic surface photometry. The conclusions tha t are relevant to this work 
are: (1) None of the three galaxies they studied can be fit by isotropic velocity 
dispersion. (2) The data constrained the modelling sufficiently to show that while 
one galaxy could be fit by a two integral model f ( E , L z), the other two could not 
and apparently require a three integral model f ( E , L z,Iz).  (3) The observations 
were consistent with a constant mass-to-light ratio throughout each galaxy.
2.5 M easu rin g  th e  S h ap e o f  D is tr ib u tio n s
Before discussing the shape of the observed line-of-sight velocity distributions and 
their significance, it would be helpful to have some quantity which measures the 
shape of a distribution. For an arbitrary function f (x ) ,  its nth  moment about the 
origin is;
Only the even moments are of interest, as the odd moments refer to asymmetric 
properties excluded by our choice of spherically symmetric, tangentially isotropic, 
rotation free distribution functions (e.g. f ( E , J 2)). The normalized moment m j =  
m n/ m 0. The variance is <j 2x — m j. Advantage can be taken of the sensitivity of the 
4th moment to the spread of the distribution by using the excess, defined as
(2. 11)
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S = (m°Ja4x) -  3 , ( 2 . 12)
for a symmetric function, (Ogorodnikov 1965). For a gaussian distribution £ is 
zero; for a more peaked distribution £ > 0 and for a flatter distribution £ < 0. 
(The kurtosis is k = £ + 3). Excess or kurtosis can be effected strongly by the 
velocity cut-off of the DF, which removes the wings of the observed distribution. 
A slightly lowered gaussian (as in the King models) typically has £ =  —0.55 ±  0.05 
(k=  2.55 ±  0.05). The normalized second moment (ra®) will be used to calculate 
the dispersion of the velocity distributions in subsequent analysis.
2.6 D im en sio n le ss  Q u a n tit ie s
Following King (1966) we will use dimensionless variables. The radial scale is 
the core radius (rc). To maintain consistency with his earlier paper (1962), King 
defined the core radius as
AnGporl =  9<7q , (2.13)
where p0 is the central density. The dimensionless quantities are related to the 
physical quantities in the following way;
• All distances r are in units of rc
• All velocities are in units of cr0, the characteristic velocity dispersion scale.
• The angular momentum J  is in units of arc
• Density p is in units of pQ
• The potential W  = — $ / ctq and is defined to be zero at the edge of the galaxy.
• Objects bound to the system have positive energy.
It follows then for equation 2.7 that E  = W  — ^  J  = vtr and the
characteristic angular momentum Jo = cr0ra where r a is the transition radius in 
the King-Michie models discussed below.
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2.7 K ing-M ichie D istribution  Function
The King-Michie model was chosen for this study for three main reasons. (1) The 
isotropic King model is a special case and fits the observed surface density profiles 
of many normal ellipticals very well. (2) It is easily modified to include radial or 
tangential velocity anisotropy. (3) The exponential forms in the equations allow a 
semi-analytic solution for projection of the line-of-sight velocity distribution.
K-M models have some negative aspects; the equations shown below (2.15 to 
2.20), can contain individual term s tha t become very large and the difference be­
tween two or more of these term s form the final relatively small results. This poses 
certain numerical lim itations on the most extreme anisotropic models tha t can be 
generated. To check the correctness of the results, the LHS h  RHS of the hy- 
drodynamical equation (2.5) were calculated using the generated quantities. The 
residuals, (RHS-LHS)/RHS, were found to be small (~  0.01%) and are very sensi­
tive to the break down of numerical precision in the code generating the profiles.
Kent &; Gunn (1982) show the calculations for volume density and the velocity 
moments of equation 2.7 (they use the opposite sign convention for E ). Presented 
here are similar expressions for the modified form of the DF ,
„ [ k(e~E/a2 — l)e~Pj2/2Jo for E  < 0
/ ( F , J 2) =  1 '  -  (2-14)
( 0  for E  >  0 ,
where /?= {  —1,0,1} represents tangential, isotropic and radial velocity anisotropy 
respectively. It can be thought of as the sign of Binney’s ß param eter (equation 
2.10). The standard King-Michie equation only includes ß = 1 . The volume density 
for ß = ±1 is given by
p{r) =  iiry/2
D^xVW) pjyw) 




where VK(r) is the dimensionless potential, x = r /ra and ra is the transition radius. 
Dß(x) = D ±(x) = eTx2 Jq e±t2dt and are variations of the Dawson integral (D+) 
and error function (D ~). The expressions for the density weighted radial and 
tangential velocity moments for ß=  ±1 are given by
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p(Vf)(r) =  4?r\/2 'D -(V W )  
1 + / ? X 2
+ (i -  ß x 2)
VW _  2 V F 3 /2
X4 3 /? x 2
^ ( x ^ )  ‘
X5 (1 +  ^ X 2) .
(2.16)
p(vt ) i r ) — 8xV2
D~{VW) _  3 + 2ßX2 V W  _  2W 3' 2 
(1 + ß x 2f  ! + ^X2 2x4 3^x2
( 2 + 3ßx2 , \  ^ ( x^ )
V 1 +  <öx2 x  /  x 5 ( i  +  ß x 2) J
For the special case x = 1, ß — — 1 the above three equations become 
p(r) = 4xx/2 1 % /^ +
(2.17)
(2.18)
/>(«V2)M  = 4ttv/2 [ ( ^  + 5 )  vW  + ( w  ~ 5 )  r»"(W0] , (2-19)
p(vl)(r) = 4x\/2 ( 1 W  -  1/W7 +  ( W 2 -  31K + ^ )  ZT (W) (2.20)
The cases, ß = 0 and x = 0 are given in Kent Sz Gunn (1982). Generated 
quantities for the isotropic and radial cases have been checked against curves in 
King (1966) and Kent & Gunn, and found to be identical.
Figure 2.3 shows the comparison between the projected surface density for the 
isotropic King, radial King-Michie and tangential K-M models. These three curves 
are all best fit (least-squares) curves to surface photometry for M87 (NGC 4486) 
from Michard (1985); see also figure 2.29. The isotropic and radial models are 
very similar out to 300 arcsec, with the radial model being more extended in the 
outer parts. If the transition radius ra in equation 2.7 falls below about 15% of the 
equivalent King model tidal radius then the extent of the system becomes infinite 
(Kent Sz Gunn 1982). The tangential models fall more quickly in the centre, rise 
above the other two just outside the core and cut off sharply past 300 arcsec.
The projected velocity dispersion profiles in figure 2.4 are from the 3 best fit 
models to the surface density (figure 2.3). For these three sets of parameters the
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---  Isotropie (WQ= 9.2,ra=oo)
- -  Radial (W0= 9.5,ra=20)
....  Tangential (W0=10.0,ra=40)
—. Tangential (W0=10.0,ro=30)
Radius [arcsec]
Figure 2.3: The best fit King, King-Michie radial and K-M tangential models to 
surface photometry (Michard 1985) for M87 (NGC 4486). Best of these is the 
isotropic curve; highest curve at 200 arcsec is a deliberately poorer fit (see text).
-  Isotropic (WQ= 9.2,rQ=oo)
-  Radiol (W0= 9-5.ra=20)
- Tangential (WQ= 10.0.rQ=40)
Radius [arcsec]
Figure 2.4: Normalized projected velocity dispersion profiles for King, K-M radial 





Figure 2.5: Radius at which circular orbits are excluded by the energy cut-off in a 
tangential King-Michie model, expressed as a fraction of the tidal radius. Values 
of the transition radius are shown; the ra = oo curve is the King model.
Isotropic (WQ= 9 .2 ,r0=°°) 
Radiol (WQ= 9 .5 ,ro= 2 0 ) 





100 200  300
Radius [a rc sec ]
400 500
Figure 2.6: Binney’s ß  param eter curves for the King and King-Michie radial & 
tangential models shown in previous figures.
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isotropic and radial profiles are not significantly different at small radii, but the 
tangential curve is much flatter over the first 300 arcsec than the other two curves. 
In the tangential model, despite tangential orbits being enhanced over radial ones, 
no circular orbits can exist beyond 480 arcsec. This causes the projected velocity 
dispersion to fall off more quickly, beyond about 300 arcsec, than in the radial or 
isotropic models.
Due to the energy cut-off it is not possible to have circular orbits past about 
50% of the tidal radius for a King model and 50 to 60% for tangential K-M models. 
Figure 2.5 shows the fraction of the tidal radius at which circular orbits are excluded 
by the energy cut-off as a function of the central potential W0 and several different 
values of the transition radius. The lower curve is for a King model (see figure 2.2 
also) and is equivalent to the K-M model with ra —> oo, forming a lower bound for 
all of these curves. The radial case is not shown, as most combinations of (Wo,ra) 
that are good fits to the surface density of elliptical galaxies have infinite halos. 
Figure 2.6 shows Binney’s ß parameter for the three different model types.
If the K-M model is driven more tangential by decreasing the transition radius 
and adjusting W0 upward, to keep the model as close a fit to M87 as possible, a 
much flatter dispersion profile is obtained. Figure 2.7 shows the projected velocity 
dispersion for the best King model surface density fit to M87 and a slightly poorer 
fitting tangential model (Wo = 10.0, ra = 30). The surface brightness profile for 
this tangential model rises above the best fit tangential curve (Wo — 10.0, ra = 40) 
in figure 2.3 and eventually cuts off more sharply. Even with a relatively small 
enhancement of tangential orbits, the dispersion profile is raised by nearly 5% 
above the isotropic case at 100" (the largest radius yet observed for M87) and 
peaks at 20% near r=300".
At the end of this chapter, each of the galaxies in our sample will have King- 
Michie models fit to their surface brightness and velocity dispersion profiles. For 
nearly all values of (VFo,ra) that fit real galaxy surface brightnesses, the associated 
line-of-sight velocity distribution in the halo is very nearly gaussian. This is a result 
partly of projection effects but mainly due to the model being always isotropic at 
the centre, reaching maximum anisotropy at approximately half the tidal radius 
(where circular orbits begin to be prevented). Models with strongly tangential halos
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Isotropie (W0= 9.2,ra=oo) 
Tangential (W0=10.0,ra=30)
Radius [R j
Figure 2.7: N orm alized projected  velocity dispersion for King and K-M tangentia l 
models, radial scale corresponds to M87. The tangential model shown here is not 
the best fit to M87, but has been forced to be slightly more tangentially anisotropic.
have too flat a density profile for most of their extent, then cut off rapidly at some 
point. However, at larger radii than can be currently observed spectroscopically, 
these models can produce non-gaussian distributions.
Figure 2.8 is the line-of-sight velocity distribution for a King model at one 
effective radius (re) and a best fit lowered gaussian (dashed line) is shown for com­
parison. As expected, the projected profile is essentially the same as the velocity 
distribution at a single point. Figure 2.9 shows the line-of-sight distributions for 
a tangential model (Ho =  10, ra = 20). Although this particular model would be 
a poor fit to the M87 density profile, it gives us a clue to the types of projected 
velocity distributions that can come from tangentially dominated orbits. The ß(r)
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Figure 2.8: Line-of-sight velocity distribution for stars in a King potential fitting 
NGC 4472 (Wq = 9.6) at 1 re; dashed curve shows a best fit lowered gaussian to 
the solid curve. Kurtosis is k — 2.6.
profile shows that ß — —1.3 is the minimum value, which means an enhancement 
of 1.5:1 of tangential over radial velocity dispersion. The change of the line profile 
is shown as the projected radius increases through r=25,35,45 core radii. These 
values cross the most negative portion of the ß(r) curve.
The most square curve (dashed) is taken from a slightly more tangential system 
(Wo = 11, ra = 20) than the other curves in figure 2.9 and shows a characteristic 
double hump profile (/5(35) = —2.5, (Jol<Jr =  1.9). These curves are very similar 
in shape to some of the line-of-sight distributions for the tangentially anisotropic 
Plummer model (Dejonghe 1987). All of the curves are much squarer (kurtosis, 
k = 2.25,2.06,1.99,1.90) than the slightly lowered gaussian of the King model 
(k = 2.60). For comparison with observations of real galaxies, if these models
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Tangential (W0=10.0,ra=20) \  





-1 .5 - 0 .5
Figure 2.9: Top graph shows Binney’s ß  param eter for two tangential K-M models; 
lower graph shows the line-of-sight velocity distribution for stars at several radii. 
All curves have equal area; projected radius (in units of core radii) and kurtosis 
are shown as r, k.
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are fit to M87, then the largest radius at which the velocity dispersion has been 
measured is r = 17rc.
The King-Michie models are not able to produce very anisotropic velocity dis­
persion at radii accessible to spectroscopic observations and thus fail to produce 
significantly non-gaussian line-of-sight velocity distributions. However, they are 
useful for fitting the surface brightness and velocity dispersion profiles of normal 
elliptical galaxies, and it will be used as the standard model which produces low­
ered gaussian line shapes when the shapes of the observed line-of-sight velocity 
distributions are analysed in chapter 4.
2.8  C ircu lar S te lla r  O rb its
In this section, we consider an extreme tangentially anisotropic model in which all 
the stellar orbits are circular. This is an idealisation of a situation that might arise 
if large ellipticals such as M87 and NGC 1399, sitting at the centre of clusters, 
accrete a considerable number of smaller galaxies over time, possibly leading to 
tangentially dominated halos.
The more non-gaussian a line-of-sight velocity distribution, the easier the devi­
ation is to detect. In particular, square or top-hat distributions have properties in 
the fourier domain that facilitate detection (see chapter 4). By constructing a model 
where all stars are on circular orbits, the extreme case of tangential anisotropy can 
be studied. We will use a model with a logarithmic potential $ oc Vc2 ln(r) where 
Vc is the constant circular velocity. Such a potential could exist over a large range 
in radius in a galaxy with a strong dark matter component and is consistent with 
the flat velocity dispersion curves observed in some elliptical galaxies (figure 2.20; 
Efstathiou et al 1980).
The projection of stellar velocities along the line-of-sight causes smoothing of 
the intrinsic stellar velocity distribution in two ways. (1) In most models the 
velocity dispersion is falling with increasing radius, and so the integration along 
the line-of-sight includes contributions from a range of stellar velocity dispersions. 
(2) In the case of radially or tangentially anisotropic velocity dispersion, the angle 
between the major axis of the velocity ellipsoid and the line-of-sight varies by nearly 
90° from the highest to lowest density region of the galaxy along the line-of-sight.
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Figure 2.10: Line-of-sight projection of circular velocities passing through a single
tangential plane with random orientation (0).
In a model with constant circular velocity and circular orbits, the first smoothing 
effect of projection will be removed, and consequently this model will more easily 
produce significantly non-gaussian line-of-sight velocity distribution profiles.
Figure 2.10 shows the situation where the observer has a line-of-sight at right 
angles to the radial line from the galaxy centre (G) to some point in the halo 
at radius r. We will for the moment only consider the distribution of velocities 
at this one point. All stars are on circular orbits and confined to the tangential 
plane. Assuming tha t the stars are traveling at the circular velocity Vc(r) and are 
randomly oriented in the tangential plane at some angle 0, then V** =  Vc cos 9 and 
the probability density of the line-of-sight velocity is given by






Figure 2.11: Line-of-sight velocity distribution for stars on circular orbits, pass­
ing through a single point. High velocity resolution kurtosis=1.50 (solid curve), 
medium resolution /SV/VC =  0.10, k = 1.52 (dashed curve).
and thus the probability for a given line-of-sight velocity bin Vi of width AV at 
this single point is given by
P(Yi,r)
\ fV. dV
=  M arcsin( v S ö ) - arcsint e ) ] ’
where (V/ =  V{ — AV/2) and (Vu = Vi + AV/2) are the limits of each bin. Figure 2.11 
shows the functional form of equation 2.22. In a real galaxy, the observed distri­
bution P(Vice) would be smoothed by the instrum ental resolution; for example, the 
instrum ental velocity resolution might be 20 km s“ 1 and the typical circular velocity
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perhaps 200kms_1. The solid curve in figure 2.11 has a high velocity resolution, 
whereas the dashed curve has the above resolution. Despite the smoothing, the 
curve retains its obviously non-gaussian shape with kurtosis k = 1.52, compared to 
k = 2.5 for a slightly lowered gaussian. The curves have been scaled to have equal 
areas.
For our observations of elliptical galaxies, (see chapter 3), we placed the spec­
trograph slit centre at a radius D with the slit at right angles to the direction of 
the galaxy centre. Figure 2.12 represents a cut through a galaxy halo at some 
radius D from the galactic centre. The slit of the spectrograph is aligned in the 
Z direction (indicated in diagram). The observer is at right and the point of in­
terest is at the end of the vector marked r. At this point the tangential plane, 
to which all orbits are confined, is inclined at angle <J) to the line-of-sight , so 
vjoa = VccosOcos(f) = y  VccosO. A further integration of equation 2.22 along the 
line-of-sight gives the velocity distribution that would be seen in the spectrum from 
the central row of a 2-D detector. Given that the form of the galactic density profile 
p(r) is known, the line-of-sight distribution can be calculated from
2  r V m a i
P(Vi,D) = -  p(r) 7r Jo
. (  r V U \
arCSln _ . \\D V c(r))
arcsin (  rV, 
\D V c(r) d y , (2.23)
where r 2 = y2 4- D2 and corresponds to the tidal radius or physical extent of 
the galaxy. This equation represents the line-of-sight velocity distribution for a 
single line-of-sight through the galaxy halo. However, the surface brightnesses of 
the galaxies are faint at the large radii observed and it was necessary to add many 
rows of the 2-D spectra in the spatial direction to form a single spectrum. The 
centre and ends of the slit are at different radii and thus equation 2.23 requires a 
further integration perpendicular to the line-of-sight direction (Z direction in figure 
2 . 12) .
For our first example, we calculate the line-of-sight velocity distribution for 
the to ta l mass that produces the logarithmic potential. With the potential 
$ oc Vf ln(r) and the circular velocity Vc constant throughout the galaxy, the vol­
ume density p(r) oc 1 /r2 and the projected density goes as 1/r. Due to the scale free
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Z direction is up 
out of page.
vccos 9
= —vc cos 0r L
Figure 2.12: Line-of-sight projection of circular velocities along a tangent line 
through the halo of a galaxy. G is the centre of the galaxy and 9 is as shown in 
figure 2.10.
nature of this model, the line-of-sight velocity distribution is independent of pro­
jected radius. Figure 2.13 shows the distribution that would be seen for a near-zero 
length spectrograph slit (k = 2.24).
However, since the slit has a finite length (2z), it is necessary to choose a 
radius where the length of the slit relative to the distance D was similar to that 
observed ( z /D «  1.3). A cut-off radius was chosen so that the loss of the mass 
beyond would not significantly influence the shape of the velocity distribution. 
Integration out to infinity would result in an infinite central peak in figure 2.13; 
with a realistic velocity resolution the distribution represented by the dashed curve 
would be observed (k = 2.26).
Equation 2.24 represents the full line-of-sight integration over a narrow strip 
through a galaxy using this model. If the data from the full length of the slit is 
added, then the projected P(V{,D) is
30
Figure 2.13: Line-of-sight velocity distribution for circular velocities, integrated 
along a line through the galaxy with $ oc V2 ln(r). High velocity resolution k = 2.24 
(solid curve), medium resolution AV/VC = 0.10, k = 2.26 (dashed curve).
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(2.24)
Integration of this equation results in the profile shown in figure 2.14 (k = 2.29), 
and again the dashed curve shows it with a lower velocity resolution (k = 2.31). 
For comparison, figure 2.8 shows the equivalent curve for a King model and a 
slightly lowered best fit gaussian (dashed curve). The horizontal scales are slightly 
different between figures 2.14 and 2.8, but it is clear that these distributions are 
quite different in their form.
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Figure 2.14: Line-of-sight velocity distribution for circular velocities, integrated 
along a strip through a galaxy with 4> oc Vc2 ln(r). High velocity resolution k = 2.29 
(solid curve), medium resolution AV/VC =  0.10, & = 2.31 (dashed curve).
- 0.5
v.o.Ac
Figure 2.15: Line-of-sight velocity distribution for circular velocities, integrated 
along a strip through the galaxy with King-Michie luminosity density profile and 
$ oc Hc2ln(r) potential. High velocity resolution k = 1.87 (solid curve), medium 
resolution AV/VC = 0.10, & = 1.90 (dashed).
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Figure 2.13 and 2.14 are unrealistic in that they are projected using the total 
mass distribution of both the dark matter and stellar component. A more realistic 
approach is to adopt the potential for the circular model $ oc Vf ln(r), but project 
the model with a realistic luminosity density profile. M49 (NGC 4472) is well fit 
by a King model with W0 = 9.6. Substituting the density profile of the King model 
into equation 2.23, and integrating along the line-of-sight at D = 14.4rc = l r e, we 
obtain the profile shown in figure 2.15. This closely resembles the extreme line- 
of-sight velocity distribution that would be seen if M49 had a large dark matter 
component giving a logarithmic potential and stars only on circular orbits with a 
King model density distribution.
This velocity distribution is interesting in that it has a very square profile 
(k = 1.87,1.90) which, as will be shown in chapter 4, has particular properties in 
the fourier domain. These properties increase our ability to recognise it as non- 
gaussian and recover it from the integrated spectra of elliptical galaxies.
2.9 F itting  M odels to P hotom etric & K inem atic Data.
Three of the four galaxies in our sample, NGC 1399, NGC 4472 (M49) & NGC 
4486 (M87), are well studied systems. Many sources of surface photometry and 
kinematic data exist for all of these. NGC 1404 is less well studied but some data 
are available. This section deals with fitting the King-Michie models to the best of 
the published data. Our spectra presented in chapter 3 give one velocity dispersion 
value, at relatively large radii, for each galaxy. These points will be included with 
the published velocity dispersion curves shown in this section.
A comparison of published data reveals good agreement for surface photometry 
outside the cores and above sky brightness level, but some disagreement at small 
radii and considerable disagreement at levels below sky. The inner few arcseconds 
are affected by seeing, and deconvolution is usually avoided, as there is little evi­
dence that it produces reliable results (Boroson et al. 1983). Very good seeing is 
needed to avoid this problem. Two of the galaxies in our sample (M87, NGC 1399) 
show central velocity dispersion spikes (Young et al. 1978; Sargent et al. 1978; 
Bicknell et al. 1989). The inner cores of the galaxies are not of direct importance
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to our study, as the line-of-sight velocity distributions discussed here are obtained 
at large radii.
Much of the disagreement between the published photometry for the outer halos 
of galaxies occurs between CCD and photographic measurements. For nearby giant 
elliptical galaxies imaged with medium to large telescopes, CCD’s have a problem 
in that there is little or no true sky within the galaxy image. Alternate sky & galaxy 
frames are required, which can introduce significant errors in sky subtraction. A 
second problem with CCD’s is that flat-fielding, which effectively corrects for small 
scale pixel-to-pixel variations, sometimes fails to correct fully for the large scale 
variations in response. For larger galaxies, this can obviously lead to incorrect 
surface photometry, particularly in their outer regions.
When photographic data is available, the CCD profiles are often adjusted to 
match the colour corrected photographic profiles at the outer limit of the CCD 
data. When CCD and photographic data are matched, the CCD data is often 
found to have a steeper slope in the overlapping region. Published curves for M87 
and NGC 1399 show some of these discrepancies: see figures 2.17 and 2.29. New 
generation CCD’s with large area coverage (> 10' x 10' with ~  0'.'5 pixels) should 
improve accuracy at faint levels for galaxies such as NGC 1404, which would fit 
totally within the detector area. However, for very extended systems such as NGC 
1399, very large field coverage is still required.
Further complications arise when studying galaxies at the centre of clusters. 
For example, NGC 1399 is the central and dominant galaxy in the Fornax cluster, 
with NGC 1404 the second ranked elliptical. These galaxies are separated by 590 
arcsec, but published surface photometry for NGC 1399 extends well beyond this 
radius. Figure 2.16 shows the B surface brightness along a line radiating from the 
centre of NGC 1399, through the centre of NGC 1404 and beyond. NGC 1399 has a 
B surface brightness of 26.1 mag arcsec-2 at the centre of NGC 1404. Based on the 
best fit radial K-M model to B band data from Kibblewhite et al. (1989), they are 
roughly equal on a ring centred on NGC 1404 of approximately 500 arcsec diameter, 
at 25.6 < B < 26.7. It is clear that observations of NGC 1404 at faint light levels 
would require special techniques for the subtraction of both sky (B «  22.5) and 
NGC 1399 (~ 4% of sky).
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Figure 2.16: Surface brightness along a line through the centres of NGC 1399 &; 
NGC 1404; the origin is centred on NGC 1399. NGC 1399 data from Bicknell et al. 
(1989 B  CCD) and Schombert (1986 V  photographic, B —Vph =  1.2). NGC 1404 is 
represented by the best fit K-M radial model (dashed line) to B  band data (solid 
line) from Kibblewhite et al. (1989).
We obtained time on the 3.9m Anglo-Australian Telescope to use the Thomp­
son large format CCD (17x17' at / /1 )  and intended to map the central region of 
the Fornax cluster. This would have allowed (but for the weather) a simultaneous 
derivation of surface brightness distributions of NGC 1399, NGC 1404 and two 
other giants within the 10 overlapping fields. The estimated accuracy for this pro­
cedure was ±0.05 mag at 28 mag arcsec-2 in B. Wide field, high spatial resolution 
imaging should soon produce the accurate surface photometry required to improve 
the modelling of large galaxies.
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Figure 2.17: NGC 1399 surface brightness data from Bicknell et al. (1989) and 
Schombert (1986). Schombert’s data were originally V  band, but shown here 
shifted to match the Bicknell data.
2.9.1 N G C  1399
NGC 1399 is a cD giant elliptical at the centre of the Fornax cluster. Figure 2.16 
shows the surface brightness of the galaxy and the enormous extent of its halo. 
Figure 2.17 shows the data of Bicknell et al. (1989) for 0 < r  < 128" and Schombert 
(1986) on a logarithmic scale. The Schombert data were taken from Bicknell et al. 
(1989) and was originally photographic V  band. The Bicknell data was obtained 
with a CCD (B  band) and matched with the Schombert photographic data in the 
overlapping region. The CCD data falls off more quickly than the photographic 
data, most likely due to errors in the flat fielding or sky subtraction.
The Schombert data is shown to a radius of 3030 arcsec (B > 29 mag arcsec-2).
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©Bicknell et al.(1989)
-  Isotropic (Wq= 9.1,r =°o)
- Radial (WQ= 9.5,rQ=35)
- Tangential (WQ= 10.0,ra=30)
Radius [arcsec]
Figure 2.18: NGC 1399 surface brightness data from Bicknell et al. (1989), with 
best fit King-Michie models. The isotropic model has the smallest residual and the 
tangential has the largest.
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Schombert (1986) details extensive techniques for the determination of profiles 
down to these faint levels. The outer parts of the data are nearly 1 degree from the 
centre of the galaxy (0.4% of sky). Schombert’s sky subtraction method assumes 
that the sky is flat over that scale and brightness level. NGC 1399 was measured 
from a UK Schmidt plate and the sky was not uniform (Schombert, private com­
munication). The curve appears smooth out to at least 900 arcsec and there is 
consistency between the shape of the cD envelope for NGC 1399 and other cD 
galaxies in Schombert (1986). However, there is a rise and extended bump starting 
near r=2250" (see figure 2.16); data beyond this radius is probably not reliable.
The King-Michie model is not able to fit this extended cD halo. However, we 
need a reliable estimate of the core radius, and the Bicknell data were used for 
this purpose. A large range of King-Michie models, covering isotropic, radial and 
tangential velocity anisotropy were generated. Using a least squares method, the 
models were fitted to the galaxy surface photometry. The best fit for each of the 
three velocity anisotropies were compared and these are the curves presented in 
each of the relevant figures in this chapter. The solid curve in figure 2.18 is the 
best fit to the CCD data and is a King model with Wo = 9.1 and a core radius of 
3.9 arcsec. Table 2.1 on page 59 lists the relative goodness-of-fit for each galaxy 
in the sample and other relevant fitting parameters. Column (5) shows the rms 
residuals of the surface photometry data from the model.
The inner regions of NGC 1399 are well represented by a standard King model; 
however, its halo cannot be well fit by a King-Michie model. The radial model 
is able to produce a more extended halo than either the isotropic or tangential 
cases, but still falls below the cD profile. A volume density curve was needed for 
the construction of a predicted line-of-sight velocity distribution for the circular 
orbit model, so an alternative approach was needed. We decided to use the surface 
brightness data directly to derive the volume brightness distribution from the Abel 
integral. The Abel equation integrates over the derivative of the surface density and 
tends to amplify the noise in the data. To avoid this problem as much as possible 
a smooth polynomial was fit to the Bicknell and Schombert data. The derived 
volume density p(r) was projected back to check its accuracy and no significant 
differences were found. Substituting this p(r) into equation 2.23 and integrating
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Figure 2.19: Line-of-sight velocity distribution for NGC 1399 (k = 1.96) at D=70", 
calculated using the volume density profile from the Abel integral and the circular 
orbit model. A best fit gaussian is shown for comparison. Vc is the circular velocity.
at the projected radius of our observations (D = 70"), produces the line-of-sight 
velocity distribution of the circular model for NGC 1399 (figure 2.19). The curve 
is very non-gaussian (k = 1.96) and shows a central peak, primarily due to the 
contribution from the outer parts of the halo. Because of the extended surface 
photometry of this galaxy, there is a large uncertainty in its effective radius. We 
will leave discussion of this until the summary at the end of this chapter.
The largest radial coverage of velocity dispersion data for NGC 1399 also comes 
from Bicknell et al. (1989) and extends from the centre out to approximately 75 
arcsec. The dispersion (figure 2.20) has been measured along the major axis of the 
galaxy with only the eastern half shown here. Our spectrum for NGC 1399 was
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Figure 2.20: NGC 1399 projected velocity dispersion along the m ajor axis, with 
best fit King-Michie models. Upper solid line is an isotropic fit to the Franx and 
our data  only. All points were given equal weight when fitting dispersion curves. 
Radial scale determined by surface photometry.
obtained on two different nights with each contributing approximately equally to 
the total counts.
There is one point at r = 82", a = 233 km s-1 which comes from our data. The 
smaller of the two error bars (± 8 k m s -1), associated with this point, are calculated 
from the l a  scatter of values obtained using seventeen tem plate stars and the fourier 
quotient method described in chapter 4. Using each nights data separately, two 
values for the velocity dispersion were derived, giving a better estim ate of the true 
error (± 1 2 k m s_1) which is shown as the larger of the two error bars. This point 
lies within the error bar height of the last Bicknell point, but is 45 k m s_1 higher.
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As will be shown in chapter 4, confidence in the accuracy of each of our dispersion 
points presented here is very high due to the strong consistency of values when 
template stars from all observing runs are tested against each galaxy and subsets 
of the data are compared.
Data from Franx et al. (1989b) were included in figure 2.20. Due to different 
estimates of major axis position angle, the two curves are misaligned by 30° on the 
sky. This may partly explain the difference of approximately 40kms-1 between 
the two sets, but there is obviously some systematic discrepancy. Estimates of 
velocity dispersion using any of the standard techniques can be too high due to 
certain observing conditions such as the seeing point spread function width being 
approximately the same width as the spectrograph slit and/or the template stars 
not filling the slit adequately. The Bicknell data were obtained in a way that 
minimizes this problem and Franx et al. (1989b) do not contain enough detail about 
the observational techniques to determine if this was a problem. The Bicknell data 
was obtained on the same instrument (AAT/IPCS/RGO spectrograph) as our data 
and reduced using the same reduction package and similar techniques. However, 
we note that with our data and those of Franx et al. the dispersions are about 20% 
higher than those of Bicknell et al. at the appropriate radii. The higher (solid) line 
in figure 2.20 is a fit to just Franx et al. and our data.
Using minor axis rotation velocity data from Franx et al. (1989b) to estimate 
the effect of differential rotation on the velocity dispersion, we found that the 
dispersion velocity estimate would be unlikely to be raised by more than 5km s-1.
Because of the observing arrangement used, our data point represents the mean 
dispersion of a radial bin extending from 70 to 130 arcsec, where 82 arcsec is the 
luminosity weighted mean radius. The centre of the slit was positioned on the 
major axis of the galaxy, with the ends of the slit 58° from the major axis. If the 
velocity dispersion rises or falls significantly towards the outer edge of this radial 
bin, the dispersion of this point will follow to some extent. The fact that it is 25% 
higher than the last few Bicknell points suggests that the dispersion is not falling 
quickly past this radius and may indicate a rising dispersion. Neglecting the final 
(very high) point in the Franx data, our single point is still consistent with a flat 
dispersion profile outside 10 arcsec.
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The best fit models to the surface brightness profiles were used to generate 
projected velocity dispersion curves. Velocity dispersion curves were calculated in 
dimensionless quantities, adjusted to the correct radial scale and then scaled in 
am plitude to m atch the dispersion data. The first point in the Bicknell data was 
excluded since it represents the central dispersion spike which cannot be fit by a 
King-Michie model. The final Franx data point was excluded, since it is very high 
and has large error bars compared to the rest of the Franx data. The error bars 
on the Bicknell data appear large compared to the scatter of the points and are 
probably overestimated. Given tha t none of the three K-M models are a good fit 
to the data  and not wishing to choose between the Bicknell and Franx data we 
decided to give all points equal weighting when fitting the models. The circular 
model of the previous section produces a flat dispersion curve and would fit r > 20" 
better than the K-M model, although it would be unable to fit the core region.
Using the surface photom etry (figure 2.17) directly to calculate the total lu­
minosity of NGC 1399 and the King model fits to derive the core radius rc and 
characteristic dispersion (Jo, an estim ate of the M /L ratio T  was obtained. Table 
2.2 on page 60 details the T estim ates for each galaxy and the param eters on which 
they depend. More details about the table will be given in the summary at the 
end of this chapter.
By using the isotropic form of the hydrodynamical equation, T can be deter­
mined from the surface brightness and velocity dispersion curves directly, where
M (r ) =  -4-d(/9ü72)/d r , (2.25)
Gp
is the mass interior to r, p is determined from the Abel integral and Tv2 is determined 
from the velocity dispersion profile. The luminosity L(r) is calculated directly from 
the surface photometry.
Figure 2.21 shows the mean T (r), calculated from the Bicknell et al. & 
Schombert photom etry and the Franx et al. & our velocity dispersion using equa­
tion 2.25. The solid curve covers the region where both dispersion and surface 
brightness data are available, whereas the dashed line is based on a constant dis­
persion curve extending from our data point. The dotted line shows T (r), taken 
from Bicknell et al. (1989).
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Figure 2.21: NGC 1399, mean mass-to-light ratio derived directly from surface 
photom etry and velocity dispersion data; see text for further information.
Discrepancies between the curves at r < 10" are due to differences in methods 
of calculation. We used the dispersion data directly and did not extend to the 
inner dispersion spike. Bicknell et al. were interested in the central spike and used 
a model to extend the dispersion profile to the centre and beyond the last point. 
The gradient of the velocity dispersion curve critically determines the value of T , 
as can be seen by equation 2.25. The Bicknell data  (with central spike) is much 
steeper than the Franx data, near the centre. By using the above equation, each 
T (r) is independent and only depends on the local velocity dispersion and volume 
density profile. Bicknell et al. (1989) used the Binney & Mammon (1982) method 
to estim ate T. There is good agreement between the two curves in figure 2.21 
between 15 and 1 0 0 the difference is mainly due to their systematically lower
43
dispersion curve. At larger radii the difference comes from our choice of a flat 
dispersion and their falling dispersion curve.
The two normal elliptical galaxies in our sample will be shown to be well fit by 
King models and will have their global T values calculated from the best fit King 
Models. Using this approach for NGC 1399 we obtain T = 11.7 (d=13.5 Mpc) 
compared to T = 10.4 at r=80" and Bicknell’s T = 11.5 (the asymptotic value of 
their curve in figure 2.21).
2.9.2 N G C  1404
NGC 1404 is a normal giant elliptical near the centre of the Fornax cluster. It has 
a redshift of approximately 500kms_1 more than NGC 1399 and in projection is 
well within the larger galaxy’s halo, as shown previously. A simple King model 
should fit this galaxy quite well and this is what is found. However, a radially 
anisotropic model is a better fit to one set of data.
There are two recent sources of surface photometry for NGC 1404: Franx et al. 
(1989a R  band), and Kibblewhite et al. (1989 B  band). The B  band data is 
a combination of CCD at small radii and photographic APM photometry past 
r = 50 arcsec. It is more extended than the Franx data and less peaked in the core 
region. Best fit King-Michie models were generated and figures 2.22 & 2.23, show 
the isotropic and two anisotropic fits to the Franx and Kibblewhite data. They 
have been plotted separately for clarity and best fit parameters are shown in table 
2.1. The three curves in figure 2.22 have approximately the same residuals (table 
2.1) and all fit well at some radii and poorly at others. However, figure 2.22 shows 
that the radially anisotropic model is the best fit, with a residual one tenth that 
of the best fit King model.
The inner 5 arcsec of the Franx data shows a peaked profile, not seen in other 
data for this galaxy. The Kibblewhite data shows a normal core profile, but also 
shows an unusually shallow profile past 80 arcsec. This may be due to background 
contamination from NGC 1399. No other data extend as far as the Kibblewhite 
data. We chose to use Kibblewhite’s data to estimate the core radius, and will 
adopt the King model as the best fit model. The difference between core radius 
estimates from the radial and isotropic models is 8%.
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Radius [arcsec]
Figure 2.22: NGC 1404 surface brightness data from Franx (1989a) with best fit 
King-Michie models. All three curves fit well at some radii, but the isotropic has 
the smallest residual.
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Radius [arcsec]
Figure 2.23: NGC 1404 surface brightness data from Kibblewhite et al. (1989), 
with best fit King-Michie models. The radial model is the best fit, with 1 /10th the 
residual of the isotropic curve.
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Figure 2.24: Line-of-sight velocity distribution for NGC 1404 (k = 1.69) at D=70", 
calculated using the volume density profile from the best fit K-M model and the 
circular orbit model. A best fit gaussian is shown for comparison.
0  Franx et al. (1989b)
• This paper
-  Isotropic (WQ= 8.8,r0=oo)
-  Radiol (W0=9.5,ro=10)
-  Tangential (WQ= 9.8,ro=40)
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Figure 2.25: NGC 1404 velocity dispersion along the major axis, with best fit 
King-Michie model dispersion curves. Radial scale is set by fitting to the Kibble- 
white et al. (1989) surface photometry.
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Figure 2.24 is the line-of-sight velocity distribution at the central radius of 
our observation 0 = 7 0 "  (1.9re) calculated from the circular orbit model, using the 
volume density from the best fit King model. The profile has a more pronounced 
double hump than seen for the other galaxies. This is because we measured the 
spectrum  of NGC 1404 at a much larger radius, relative to the effective radius, 
than for the other galaxies. Projection effects are reduced when a galaxy is viewed 
through a smaller range in radius and surface brightness. The larger galaxies, with 
extended halos, fill in the central part of the curve with the outer halo’s contribution 
to the line-of-sight velocities.
A survey of the literature found only one set of velocity data for NGC 1404, 
from Franx et al. (1989b), with m ajor and minor axis coverage out to r  =  40" and 
error bars of typically ±10 to 20km s-1 . Figure 2.25 includes both the Franx data 
and a single point from our spectroscopy at r = 85", a — 151 ±  8 km s-1 (error from 
tem plate to tem plate variations). Due to the relatively smaller counts obtained for 
this galaxy, the data were not split into subsets for error estimation. Allowing for 
the lower counts and the uncertainty estimates from the galaxies tha t were broken 
into subset spectra, this point is expected to have an error of ±20 km s-1 (plotted 
as outer error bars). This single point extends the velocity dispersion curve by 
more than a factor of two in radius and shows a small rise above the final Franx 
data point. However, the overall curve shows a relatively steady fall in dispersion 
and is reasonably well fit by all three K-M models. The three curves were fitted to 
the data  using a weighting of each point based on its uncertainty. The predicted 
tidal radius for this galaxy (based on a King model fit) is 437 arcsec, explaining 
the similarity between the three dispersion curves with the data only reaching 20% 
of tha t radius.
Since NGC 1404 is well fit by a King model, over the radial range of the velocity 
dispersion data, the most reliable estim ate of its mean mass-to-light ratio comes 
directly from the best fit King model (T =  5.6, d=13.5 Mpc).
2.9.3 N G C  4472 (M 49)
M49 is the brightest galaxy in Virgo, slightly more luminous than M87 in total 
estim ated B magnitude (table 2.2). Surface photom etry from numerous sources is
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Figure 2.26: NGC 4472 surface brightness data with best fit King-Michie model. 




Figure 2.27: Line-of-sight velocity distribution for NGC 4472 (k= 1.87) at D=90", 
calculated using the volume density profile from the best fit K-M model and the 
circular orbit model. A best fit gaussian is shown for comparison.
O Davies e t al. (1988) 
x Franx et al. (1989b)
• This Paper
-  Best fit K-M (W0= 9.6 ,ra=«>)
Radius [a rc sec ]
Figure 2.28: NGC 4472 (M49) velocity dispersion along the major axis, with best fit 
King-Michie model dispersion curve. The radial scale is set by surface photometry.
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available (e.g. Cohen 1986; King 1978 and others), but the best radial coverage is 
found in Michard (1985), as a combination of B  band photoelectric (inner parts) 
and photographic (halo) photometry. Figure 2.26 shows the Michard data with a 
best fit King model.
Using the King model density profile and the circular orbit model, the line-of- 
sight velocity distribution for M49 at D=90" (0.9re) is shown in figure 2.27. The 
curve is similar to that for NGC 1404, but has a slightly higher kurtosis (1.87). A 
best fit gaussian is shown for comparison.
Franx et al. (1989b) velocity dispersion data has been included here but has 
a small radial coverage in both major and minor axes, r < 16". A better radial 
coverage has been published by Davies h  Birkinshaw (1988), with typical errors of 
±10 to 15kms_1. The final point in figure 2.28 is from chapter 4, r = 101", a = 
193 km s-1. There are two sets of error bars shown for this point, the smaller being 
the error from the scatter in template values ± 5km s_1 and the larger ±10km s_1 
is based on the difference between two subsets of the spectra used to form the final 
spectrum for this galaxy. The best fit line through these points has the adopted 
radial scale from the fit to the surface photometry and was scaled vertically as 
mentioned for the previous galaxies. Points were weighted according to the inverse 
size of the error bars. The curve is a reasonably good fit to the data, although it 
may not be falling quickly enough in the outer parts.
The mean mass-to-light ratio from M49 has also been calculated from the best 
fit King model, giving a value (T = 7.8, d=15 Mpc) larger than for NGC 1404. 
This is mainly due to the larger characteristic velocity dispersion of M49 (see table 
2 .2) .
2.9.4 N G C  4486 (M 87)
M87 is the central dominant member of the Virgo cluster. Currently, the most 
extended surface photometry available is from Cohen (1986), using a CCD and 
Gunn g filter, B  band Michard (1985) using a combination of photoelectric and 
photographic measurement and Schombert (1986) V band photographic. Figure 
2.29 compares the Cohen and Michard data sets and shows the best fit King-Michie 
models. The Michard data is well fit by a King model, whereas the Cohen data is
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Figure 2.29: Two sets of M87 surface brightness data, taken with different filters, 
are shown with corresponding best fit King-Michie models. Cohen’s CCD data is 
best fit by a tangential K-M model whereas Michard’s photoelectric/photographic 
data is best fit by a King model.
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Figure 2.30: NGC 4486 surface brightness data from Michard (1985) and Schombert 
(1986). Schombert’s data were originally photographic V band, adjusted here to 
match Michard’s B  band data.
- 1 .5 - 0 .5
Figure 2.31: Line-of-sight velocity distribution for M87 (A: = 1.84) at D=94", calcu­
lated using the volume density profile from the Abel integral and the circular orbit 
model. A best fit gaussian is shown for comparison.
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Figure 2.32: M87 velocity dispersion along the major axis, with best fit King-Michie 
model dispersion curves. The isotropic curve was based on Michard’s (1985) surface 
photometry, whereas the tangential curve is for Cohen’s (1986) photometry.
better fit by a King-Michie tangential model. The discrepancy could be explained 
as a slight over estimate of sky level for the CCD data as the colour gradient is not 
likely to be so pronounced (Peletier 1989). Radially anisotropic models did not fit 
either of these data very well as they tend to be more extended (t.e. figure 2.3). 
For M87, like NGC 1399, Schombert’s (1986) data covers a large radial range and 
clearly shows the cD envelope. The Michard and Schombert data are both shown 
figure 2.30 and differ by nearly 1 magnitude at the outer limit of Michard’s data. 
None of the K-M models give a reasonable fit to this extended data. The best fit 
K-M model to Michard’s data was used for the core radius estimate.
The Abel integral inversion method was used to derive the volume density
54
distribution from the surface brightness distribution as given by the combined 
Michard and Schombert data, with the transition occurring at r=100". The line- 
of-sight velocity distribution, figure 2.31, is calculated at D =94" (0.9re) using the 
Abel integral derived volume density distribution and the circular orbit model. 
The halo of this galaxy is not as extended as NGC 1399 and so does not show the 
central peak in the line-of-sight velocity distribution.
Velocity dispersion curves from Davies & Birkinshaw (1988) and Sargent et al. 
(1978) are among the best available at present. Best fit curves for isotropic and 
tangential models are show in figure 2.32. The curves were fit to both sets of data, as 
well as our value at r  =  102", =  238k m s“ 1. There is some discrepancy between
the Sargent and Davies data, with the Davies data being much flatter outside the 
core region. The error bars shown on our point are based on the scatter in tem plate 
values ± 7 k m s -1 and subsets of the data ± 1 2 k m s-1 . Our spectral data  for M87 
has been analysed independently by Saha (private communication), using a Fourier 
Correlation Quotient m ethod based on Bender (1990). The calculated dispersion 
from the FCQ method was a  =  237 ±  7 k m s“ 1, which agrees very well with our 
estim ate.
All of the points have approximately equal sized error bars and are therefore 
approximately equally weighted in the fitting. There is very little difference between 
the isotropic and tangential models over this range, which is expected as the Cohen 
and Michard surface photom etry only differ at r > 100". The King-Michie model 
cannot follow the central dispersion spike and if the Davies and our data are fit 
separately the whole curve would be 20km s_1 higher. The discrepancy between 
the data sets in figure 2.32 makes it less clear tha t the dispersion profile is flat, 
as the Davies data alone implies. The fact tha t our value is well below the final 
Davies value suggests tha t M87 does not have as flat a velocity dispersion profile 
as tha t seen in NGC 1399.
Figure 2.33 shows the mean mass-to-light ratio Y(r) determined using equation 
2.25 to obtain the mass M (r), the volume density calculated from the Michard &; 
Schombert photom etry (via the Abel integral) and velocity dispersion from the best 
fit King model to the dispersion data. Luminosity was calculated directly from the 




Figure 2.33: M87, mean mass-to-light ratio derived directly from surface photome­
try data and best fit King model to the velocity dispersion data; see text for further 
information.
the velocity dispersion data and gives T(120//) = 10.8. The inner part of the curve 
(dashed) is low as we have not attempted to correct for the seeing or follow the 
central velocity dispersion spike and in this case we used the King model fit to the 
dispersion data. Using the King model fit to Cohen’s (1986) surface photometry 
and the velocity dispersion, we get T = l l . l  (d=15 Mpc). Sargent et al. (1978) 
estimated Y=6.5 for a King model fit to their data. The difference between our 
value and their value is due mainly to our higher dispersion estimate (from the 
addition of Davies &; Birkinshaw, 1988 and our data).
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2 .10  S u m m ary
There are many other models that could have been chosen instead of the King- 
Michie models, but they serve the purpose of providing volume density curves 
consistent with the published surface photometry, and velocity dispersion curves 
th a t are a reasonable fit to most of the dispersion data. In addition, the K-M 
models dem onstrate the variation in line-of-sight velocity distributions between 
galaxies with isotropic and tangential halos (at large radii). This particular phase 
space distribution function is not able to produce strong anisotropy at the radii 
where we can measure velocity dispersions in real galaxies and so deviates little 
from gaussian in observable properties.
We have seen tha t both NGC 1404 and M49 are well modelled by K-M m od­
els, in both surface brightness distribution and projected velocity dispersion. The 
velocity dispersion curve for M87 is also well fit by K-M models. The perhaps 
unexpected result from this modelling is tha t three of the four galaxies have dis­
persion profiles tha t are well fit by all three K-M models and tha t the predicted 
dispersion profiles are relatively insensitive to the adopted model. The fact tha t 
the falling dispersion profiles are fit well by standard models, shows tha t there is 
no need to propose dark m atter for these galaxies on the basis of present surface 
photom etry and kinematic data. However, this is not true for NGC 1399 which is 
poorly modelled by standard models.
The kinematic data does not give a clear indication as to which models fit 
best, making alternative techniques, such as measuring the line-of-sight velocity 
distributions, even more necessary in terms of constraining models.
The circular models are the extreme case of tangential anisotropy at all radii 
and when combined with the luminosity profiles, from either the K-M model or the 
Abel integral, produce very square distributions. If elliptical galaxies have velocity 
anisotropy somewhere between these two extremes (K-M and circular orbit), then 
the goal of chapter 4 is to determine at what point we can measure the deviation 
of the line-of-sight velocity distribution from gaussian. Several theoretical model 
studies, such as Dejonghe (1987) and Gerhard (1991), have shown line profiles 
similar to those shown here, but using an anisotropic Plum m er model in the case 
of Dejonghe and a power-law (r7) embedded in either a scale-free isothermal halo
57
or Keplerian potential for Gerhard. The kurtosis of the line-of-sight velocity dis­
tribution for the tangential Plummer model is in some cases quite deviant from 
gaussian, whereas the most square of the tangential Gerhard profiles are slightly 
flat topped but still gaussian in appearance.
Table 2.1 on page 59 shows the details of the fitting of the King-Michie models 
to the published surface photometry in the previous section. The dimensionless 
central potential is determined to the number of significant figures shown, as is the 
core radius. The dimensionless transition radius (ra) was determined to the nearest 
5 and the residuals are from the least-squares fit to the data. The final columns 
show the tidal radius and effective (half-light) radius; with the exception of the 
isotropic and tangential fits to NGC 1404 and M49, these values are extrapolations 
from data that in some cases fails to reach a significant fraction of Rt.
Table 2.2 on page 60 shows the gross properties of each galaxy. For NGC 1399 
and M87 the actual surface photometry (Schombert 1986) was used to estimate 
the half-light radius and total B  magnitude. For NGC 1404 and M49, the best fit 
K-M model was used. The core radius is not an accurately determined parameter, 
being effected by the seeing and maximum fitted radius. The King model was used 
to estimate rc, since the cores of most giant ellipticals are well fit by the isotropic 
model. CCD or photoelectric data were used preferentially, as photographic data 
may have saturated galaxy cores. Characteristic velocity dispersion values (<To) were 
estimated from the King model fits to the dispersion data. Distances were based 
on corrected redshifts for Virgo and Fornax clusters from Sarazin et al. (1982).
An analysis of the effect of individual errors in the core radii, dimensionless 
masses, velocity dispersions and integrated magnitudes on the mass-to-light ratio 
of the galaxies, reveals that the core radius is the dominant source of error. We 
note, however, that Young et al. (1978) determined rc=9.6±0.5 arcsec for M87 in 
good agreement with our value (9.6"). For the three other galaxies, the core radii 
are smaller (4 to 5") and likely to be more affected by seeing. The error in rc should 
be < 20%, therefore the error in T is likely to be ;$ 20%.
There are several interesting results contained in table 2.2: NGC 1399 has pre­
viously been considered a less luminous galaxy than M87; however, integration of 
Schombert’s data shows it to be much brighter than M87. The total B  magnitude
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Table 2.1: Results of fitting King-Michie models to surface photometry.
Galaxy Model W o ra Residual < R " »1/2
( i) (2) (3 ) (4 ) (5 ) (6) ( 7 ) (8)
N G C  1399 I* 9.1 oo 0.0016 3.9 543 48
Bicknell e t al. (1989) R 9.5 35 0.0068 4.1 1290 76
T 10.0 30 0.0027 2.7 315 48
N G C  1404 I 8 .8 oo 0.0028 3.8 437 37
Kibblewhite R* 9.5 10 0.0002 4.2 oo oo
e t al. (1989) T 9.8 40 0.0077 2.3 316 34
I* 8 .6 oo 0.0016 2.9 292 24
Franx e t al. (1989a) R 11.5 10 0.0017 2.8 oo oo
rp* 9.5 40 0.0016 1.6 190 19
N G C  4472 (M 49) I* 9.6 oo 0.0009 5.5 1011 98
Michard (1985) R 9.5 30 0.0040 5.9 2454 113
T 11.0 50 0.0140 3.9 748 128
N G C  4486 (M 87) I* 9.2 oo 0.0014 7.9 1118 104
Michard (1985) R 9.5 20 0.0033 7.8 oo oo
T 10.0 40 0.0064 6.0 853 109
I 8 .6 oo 0.0017 9.6 984 80
Cohen (1986) R 9.0 15 0.0043 9.9 oo oo
q1* 9.5 40 0.0007 5.9 687 67
Notes to Table 2.1: Column (1) shows which data set was used for the fits, see 
figures for more details. (2) Isotropic, Radial, Tangential and asterisk denotes best 
fit(s) of three. (3) The dimensionless central potential. (4) The dimensionless 
King-Michie transition radius. (5) Value is related to least-square residual of the 
fit. Columns (6), (7) and (8) are the core,tidal and effective (half-light) radii from 
the models, in arcseconds.
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Table 2.2: Mass-to-light ratios.
Galaxy r c " D /2 " vo d B M L T
0 ) (2) (3) (4) (5) (6) (?) (8) (9) (10)
NGC 1399 3.9 1015 74.1 323 13.5 8.6 3.3 0.32 11.7
NGC 1404 3.8 37 55.4 259 13.5 11.1 1.7 0.31 5.6
NGC 4472 5.5 98 99.6 287 15.0 9.5 5.0 0.64 7.8
NGC 4486 9.6 109 55.4 318 15.0 9.6 6.0 0.54 11.1
Notes to Table 2.2: Column (2) core radius from King model &; CCD data. (3) Half 
light radius. For NGC 1399 and NGC 4486 (M87), ri /2 is derived directly from 
Schombert’s (1986) photometry. (4) Dimensionless total mass from King model 
fit. (5) Characteristic velocity dispersion in km s-1. (6) Adopted cluster distance, 
Sarazin et al. (1982). (7) Total integrated apparent B  magnitude. See note for 
column 3. (8) Total mass (King model) (x l0 11M@). (9) Total luminosity (King 
model) ( x 101xLq). (10) Total mass-to-light ratio. Estimated error in T is 20%.
(B = 8.6) is nearly 2 magnitudes brighter than the value of Burstein et al. (1987, 
B = 10.55), whereas the other three galaxies have B  between 0.1 to 0.2 magnitudes 
brighter than Burstein et al. give. As noted previously, there may be some prob­
lems with the outer parts of Schombert’s surface brightness profile. Integrated B  
magnitudes and half-light radii ri/2 have been tabulated (table 2.3) for NGC 1399 
for several radii corresponding to the total B  magnitudes of M87 &; M49, r=2250" 
(last radius before the halo rises) and r=3030// (outer limit of data).
From this we see that NGC 1399 is as bright as M87 at r=7107/ and, even 
with possible sky subtraction problems, is brighter than either M87 or M49. The 
effective or half-light radius estimates (above) are much larger than other estimates; 
our modelling ri/2=48// (King model, see table 2.1) and from r1/4 law fitting, ^=28" 
(RC2), re=42" Burstein et al. (1987).
T is substantially larger for the two cD galaxies than for NGC 1404 or M49 
and comes mainly from the larger velocity dispersions of M87 and NGC 1399. The 
mass-to-light ratio curves for M87 and NGC 1399 both show T rising outside their
60











core regions and T at the outer radius of the dispersion data is in good agreement 
with the King model estim ates in table 2.2. It should be noted tha t the values of T 
are not sensitive to the exact method of estim ating the mean value. The estim ate 
of approximately 20% error in T appears to be an upper limit.
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C h a p te r  3
A c q u is itio n  a n d  R e d u c tio n  o f E llip tic a l G a la x y  
S p e c tra
3.1 The Sam ple
Several considerations influenced the choice of galaxies for this study. The first con­
sideration was shape. The modelling of the previous chapter was applied to spheri­
cal elliptical galaxies, which reduced the complications of projection and simplified 
the kinematic models. The second consideration was surface brightness, because 
many of the standard models used to model spherical systems are similar at small 
radii, but differ significantly at large radii. For example, Dejonghe (1987) derived 
line-of-sight velocity distributions for the anisotropic Plummer model at various 
radii. These distributions, for a range of model parameters, are nearly gaussian 
out to approximately 0.6re. However, even for moderate tangential anisotropies 
(ß < —2) they quickly deviate from gaussian near 1 re. The deviation from gaus­
sian increases out to a few re and stays essentially constant beyond. Also, we saw 
that the differences between the three King-Michie model types were most evident 
at large radii (e.g. figure 2.3). These results show that, if velocity anisotropy is 
to be detected at all, the observations should be made at the largest practical ra­
dius. Sky brightness is the main constraint on the maximum observable radius and 
galaxies with high surface brightness will allow observations at larger relative radii.
Thirdly, giant ellipticals can have significant rotation about their major axis. 
Where minor axis rotation is also present, it is usually less than for the major axis 
(Franx et al. 1989b). The presence of rotation is undesirable for our purposes, 
as it complicates the modelling and contributes to the broadening of the line-of- 
sight velocity distributions. Finally, large galaxies are desirable: as was shown in 
chapter 2, the finite length of the slit causes further broadening of the line-of-sight 
velocity distribution. The effect is lessened if the slit length is smaller relative to 
both the observed radius and the effective radius of the galaxy.
Thus, the sample needed to have the largest, most spherical and brightest el­
liptical galaxies available from the southern hemisphere. They should have a low
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rotation velocity along at least one of the principal axes, preferably both.
A further consideration was tha t some structural variation should exist within 
the sample. For example, normal giant ellipticals and cluster giants with large cD 
halos might have formed by different processes, resulting in different dynamical 
properties. There may also be some differences between giant ellipticals in large 
clusters and those in smaller group environments. The shape of the velocity pro­
files reflects the form of the distribution function, which itself is established during 
the formation and relaxation of the galaxies and it might be expected tha t galax­
ies, formed by different processes (e.g. violent relaxation, accretion), would have 
intrinsically different line-of-sight velocity distribution profiles.
NGC 1399 is a cD cluster giant with a high specific frequency of globular clus­
ters, whereas NGC 1404 is a typical giant elliptical with a normal globular cluster 
population. The M87/M49 pair is similar, with M87 having the large globular 
cluster population (Harris 1986). It is not yet understood why there is such a 
large difference between the globular cluster specific frequencies in the first and 
second ranked elliptical galaxies in clusters, but this phenomenon is observed in 
many clusters (Bridges et al., 1991). If the globular cluster populations are in some 
way related to the formation of the underlying galaxy then this difference may be 
reflected in the dynamics of the galaxies, and hence in their line-of-sight velocity 
distributions.
We were allocated six nights on the Anglo-Australian Telescope, one for each of 
the abovementioned four galaxies and two other ellipticals in small groups. Poor 
weather prevented the two small group galaxies from being observed. Some gross 
properties of the four giant galaxies in the sample are listed in table 3.1 as well as 
some of the observational parameters.
3.2 K inem atic Data: A cquisition
The goal of the observations was to acquire high S/N  spectra of our ellipticals at 
large distances from their centres ( ^  l r e). To maximise the signal-to-noise ratio 
of the data  at large radii, the spectrograph slit was located in a way th a t would 
maximise the useful length of slit at large radii. We chose to place the slit parallel 
to the minor axis, but offset along the major axis from the centre of the galaxy.
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Table 3.1: The Sample of Elliptical Galaxies.
Galaxy Class Cluster 4*m a j Pos’n r" r" e
( i ) (2) (3) (4) (5) (6) (7) (8)
NGC 1399 El Fornax
oGO NE 70 81.8 57°
NGC 1404 El Fornax
oOr—t—H NW 70 85.4 57°
NGC 4472 El Virgo 163° SE 90 100.8 51°
NGC 4486 E0 Virgo 165° NW 94 101.9 49°
Notes to Table 3.1: Column (2) galaxy classification; NGC 1399, NGC 1404 from 
Franx et al. (1989a) eccentricity data, NGC 4472, NGC 4486 from the RSA cat­
alog. (3) Cluster membership of galaxy. (4) Major axis P.A., taken from papers 
mentioned in chapter 2. (5) Direction along major axis of centre of slit. The slit 
is parallel to the minor axis. (6) Radius in arcsec of slit centre from galaxy centre. 
(7) Ends of slit are typically at 1.3 times the radius of the slit centre. This column 
shows the luminosity weighted mean radius of the entire slit. (8) Angle by which 
the ends of the slit deviate from the major axis.
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At the time that these observations were made, there was little available data on 
minor axis rotation for the galaxies, and by aligning the slit parallel to the minor 
axis, the projection effects of differential rotation along the line-of-sight and along 
the slit were hopefully minimised.
Since then, Franx et al. (1989b) have measured minor and major axis rotation 
for NGC 1399, NGC 1404 and M49. Their curves only reach approximately one 
half the radius of our dispersion measurements, but indicate that where minor 
axis rotation exists, it is significantly less than the major axis rotation and much 
less than the velocity dispersion; mean minor axis rotation for NGC 1399 is U7«  
5km s-1, NGC 1404 8 km s-1 and M49 3 kms_1. Measurements by Davies
& Birkinshaw (1988) for M49 show r r ^ 8 k m s_1 at r«47", and M87 shows a rise 
in rotation to the limit of their data, ur ^3 4 k m s-1 at r= 55". We note that M87 
has the highest minor axis rotation of the sample, with vr/a^ i  0.13 at r=55" and 
that its mean major axis rotation is slightly lower.
All spectral data presented here were obtained with the 3.9 metre Anglo- 
Australian Telescope (AAT) at Siding Spring Observatory using the Image Photon 
Counting System (IPCS, Boksenberg 1978) on the Royal Greenwich Observatory 
spectrograph. We obtained a total of six nights on the AAT, one for each galaxy 
in the original sample. One whole night was required for each galaxy, including 
template star and sky measurements. Two of these nights were photometric (M49, 
M87), two were shortened by cloud (NGC 1399, NGC 1404) and one was totally 
lost. The sixth night was very shortened and was used to gain more exposure time 
on NGC 1399. In addition, a further 2 hours of director’s time was obtained to 
augment the first measurement of M49, which was cut short by instrument prob­
lems. Table 3.2 gives details of the observations; the final column shows the total 
counts obtained.
A selection of template stars was required, with similar spectral types to the 
stars that dominate the light of giant ellipticals. Pickles (1983) studied populations 
of early type galaxies in the Fornax cluster. NGC 1399 and NGC 1404 were in his 
sample and he showed that the integrated light of these galaxies is predominately 
from metal rich late G and K type giant stars. We chose a selection of SAO 
stars, with G to K spectral types and a range of metallicities. Most of these stars
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NGC 1399 Nov 1986 2.0-3.0 4 4x2000+2xl400s 2.29 x 106
Nov 1987 1.5-2.0 2 3x2000+ 1000s 3.12
NGC 1404 Oct 1988 1.5-2.0 4 4x2000+2xl500s 2.79
NGC 4472 Apr 1988 2.0-3.0 2 8xl500+1260s 3.22
May 1988 2.0-2.5 1 3x1500s 1.82
NGC 4486 Mar 1987 3.0-4.0 4 7 x2000s 6.56
Notes to Table 3.2: Column (3) is the estim ated seeing FWHM  in arcsec and 
column (4) is the number of tem plate stars observed. (5) Number and duration 
of exposures on each galaxy. For each of the galaxy exposures shown, there was a 
separate sky exposure, typically of 700 seconds duration. (6) Total counts between 
AA4700-5500Ä.
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come from Pickles (1983), but were only classified as being metal rich or of solar 
abundance. Some have values for [Fe/H], from Janes Sz McClure (1971) and Eggen 
(1978). Table 3.3 lists the template stars, the galaxy for which they were observed, 
and details of the observations. The final column shows the total counts obtained.
The RGO spectrograph with 1200 line/mm grating produced a dispersion of 
33Ämm-1 (0.5Ä.pixel-1) over the wavelength range AA4600-5600 Ä. The slit 
width was 500 //m (3.3 arcsec), resulting in arclines with FWHM  of 2.8 pixels 
= 1.4Ä. The detector window had 2000 wavelength pixels x l l7  spatial pixels. 
However, due to vignetting at the spatial edges of the detector, the images were 
cut down to 2000 x 100 before reduction. The spatial pixels correspond to 2.3 
arcseconds, so the effective slit length is 230,/. For these large elliptical galaxies, 
the entire slit lies within the galaxy.
The spectrograph slit was placed as previously described. At the mid-point of 
the slit, the galaxy surface brightness is approximately equal to sky brightness; 
see table 3.1 for details. A typical observing sequence involved separate sky (700 
sec) and galaxy (1500 sec) exposures, separated by short (150 sec) arc spectrum 
measurements. Template stars were observed at the beginning and end of each 
night. One galaxy was observed on each night, giving between 11000 and 18000 
seconds of integration on galaxy and 5000 to 8000 seconds on sky.
Because the IPCS detector is a photon counting system, the flux rate for the 
template stars was reduced with neutral density filters to avoid non-linearity. The 
total counts over all channels varied between 5 x 105 and 2.5 x 106 counts. Each 
galaxy has at least 1 template star with greater than 106 counts and several with 
more than 5 x 105 counts (see table 3.3).
The slit width for these observations is a compromise between increased light 
and decreased resolution. The slit width (500 ^m) was chosen by using the mod­
elling program discussed in section 4.3 to determine the optimum width. When 
observing the velocity template stars the telescope control system was set to drift 
the stars backwards and forwards at a constant rate across the slit, ensuring that 
the slit was uniformly illuminated across its width. Failure to do this would result 
in a different instrumental profile for galaxy and template, causing a systematically 
high dispersion estimate for the galaxy.
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NGC 1399 Nov ’86 SAO 131538 7.5 K i m «  o 1800s 0.50 xlO6
SAO 132700 6.3 K2III 0.282 1511s 0.43
SAO 146736 6.4 K3III 0.303 1620s 0.86
SAO 215567 6.9 G8IV «  0 1500s 0.68
Nov ’87 SAO 109195 7.2 K3III 0.203 2000s 0.78
SAO 221060 7.0 K1IV > o 4000s 1.50
NGC 1404 Oct ’88 SAO 126501 7.9 K2III «  o 1800s 0.61
SAO 131538 7.5 K1III «  o 1500s 0.71
SAO 146447 6.4 K5III 0.422 1500s 1.28
SAO 146736 6.4 K3III 0.303 1500s 1.47
NGC 4472 Apr ’88 SAO 136951 6.4 K2III > o 1500s 1.28
SAO 159846 6.1 K4III >  o 1350s 1.18
May ’88 SAO 136951 6.4 K2III > G 1200s 0.80
NGC 4486 Mar ’87 SAO 117737 7.1 K2IV > G 1500s 2.45
SAO 120436 6.2 K4III «  Q 1500s 0.93
SAO 136951 6.4 K2III > G 1500s 1.09
SAO 139359 6.4 K0III 0.512 0900s 0.47
Notes to Table 3.3: Column (3) lists the tem plate stars on each night for the galaxy 
(1) and night (2) shown. Columns (4), (5) & (6) show V  magnitude, spectral type 
and m etallicity estimates. Spectral type is from the SAO catalogue. Some stars 
are only classed as equal or above solar abundance (Pickles 1983). The main source 
of magnitude and abundance is Pickles (1983) and superscripts denote alternate 
sources of metallicity; 2 Janes &; McClure (1971), and 3 Eggen (1978). (7) Expo­
sure tim e for templates; a few stars are the composite of two shorter consecutive 
observations but most were a single exposure during twilight. (8) The to tal counts 
between AA4700-5500 Ä.
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3.3 K inem atic Data: R eduction
In addition to the above measurements, on each night a long exposure was taken of 
a Hatfield for the purpose of obtaining the pixel-to-pixel variations in gain over the 
detector, and also a twilight sky exposure to measure the vignetting of the system 
across the dispersion. The first step with each frame was to correct for the pixel- 
to-pixel variations; these were typically about 3 to 4 percent. The Hatfield map 
was obtained by illuminating the detector with a quartz-halogen lamp, mounted 
in the light baffle of the telescope. This Hatfield was normalized by dividing it by 
a smoothed version of itself, and each of the data maps was then divided by the 
Hatfield. The twilight sky frame was smoothed and then normalized by dividing 
by its mean value.
Every observation was bracketed by comparison arcs and the central rows of 
the before and after arcs were cross-correlated with each other to check for any 
shifts in the detector. These shifts were usually less than 0.4 pixels (.2Ä ). The 
two comparison exposures were summed to form one arc spectrum  which was then 
used to wavelength calibrate the corresponding galaxy or stellar spectra.
Ideally, each row of the maps should be wavelength corrected individually, but 
the Cu-Ar comparison lamp had some spectral regions with only faint lines. The 
comparison maps were therefore reduced as a series of 10 spectra of 10 rows each. 
A fifth order polynomial was used to fit th irty  arc lines and then applied to the 
corresponding sky-subtracted data  maps, allowing the maps to be transformed into 
2048 log(A) bins over AA4700-5500 Ä (23.0 km s-1 pixel-1).
The 10 calibrated spectra in each of the maps were added to form a single sky- 
subtracted spectrum  corresponding to one exposure. The individual spectra from 
each exposure were then added to form one spectrum  for tha t galaxy.
Every galaxy exposure was bracketed by sky exposures. The before and after 
sky frames were added, and then subtracted from the galaxy frames in proportion 
to the exposure times. To check the subtraction, the A5199Ä [Nl] and A5577 Ä 
[Ol] night sky lines were inspected; typically they were found to have less than 5% 
of their area remaining after sky subtraction.
A high degree of consistency between observations of the same galaxies on 
different nights made it possible to add these spectra to form a single higher quality
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spectrum. However, spectra from individual nights were also analysed separately 
(chapter 4) for error estimation.
The resulting galaxy and stellar spectra were then processed through the fourier 
quotient reduction program discussed in chapter 4, which yields the velocity distri­
bution information. The following pages show raw and smoothed (5 point running 
mean) spectra of each galaxy. The galaxy spectra have been shifted to rest wave­
length and some prominent absorption line features are marked. NGC 1399, M87 
and M49 have similar quality spectra, with total counts in excess of 5 x 106. NGC 
1404 was observed at fainter light levels than the other galaxies and has approxi­
mately 3 x 106 counts. Despite the number of counts in these spectra, the noise is 
still large because of sky subtraction.
The tem plate star spectra are also plotted here, but not at rest wavelength. 
The spectral types and metallicities are in table 3.3 and the stars are presented in 
order of increasing SAO number. These spectra are not smoothed and where the 
same star was observed on more than one night, the spectra have been summed. 
Baseline fitting was done by using a 6th order polynomial to fit continuum points 
selected by eye. All of the galaxy and tem plate spectra were normalized and 
baseline subtracted before being processed through the fourier quotient procedures. 
If necessary, a constant was subtracted to set the ends of the spectrum  to a value 
of zero. Further processing of the spectra was carried out in the fourier domain; 











Figure 3.1: Spectrum of the outer parts of NGC 1399. Top box shows the raw data 
and lower box shows the same spectrum with a 5 point smoothing. This spectrum 
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Figure 3.2: Spectrum of the outer parts of NGC 1404. Top box shows the raw data 




































Figure 3.3: Spectrum of the outer parts of M49. Top box shows the raw data and 
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Figure 3.4: Spectrum of the outer parts of M87. Top box shows the raw data and 
lower box shows the same spectrum  with a 5 point smoothing.
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55005 4 0 053 0 0520051004700 4800 4900 5 0 0 0
Wavelength [Ä]
Figure 3.5: Template star SAO109195, for NGC 1399.
55005 4 0 05 3 0 05100 52005 0 0 04800 49004700
Wavelength [Ä]
Figure 3.6: Template star SA0117737, for M87.
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55005 4 0 053005 0 0 0 5100 5 2 0 04700 4800 4900
Wavelength [Ä]
Figure 3.7: Template star SAO120436, for M87.
550054 0 05 2 0 0 5 3 0 05 0 0 0 51004700 4800 4900
Wavelength [Ä]
Figure 3.8: Template star SAO126501, for NGC 1404.
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55005 4 0 05 1 0 0 5200 5 3 0 04700 4800 4900 5 0 0 0
Wavelength [Ä]
Figure 3.9: Template star SA0131538, for NGC 1399 & NGC 1404.
550054 0 053 0 05 2 0 051004900 5 0 0 04700 4800
Wavelength [Ä]
Figure 3.10: Template star SA0132700, for NGC 1399.
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5 5 0 053 0 0 54 0 047 0 0 4800 4900 50 0 0 5100 5200
Wavelength [Ä]
Figure 3.11: Template star SA0136951, for M49 &; M87.
Figure 3.12: Template star SA0139359, for M87.
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550053 0 0 5 4 0 04 7 0 0 4900 5 0 0 0 5100 52004800
Wavelength [X]
Figure 3.13: Template star SA0146447, for NGC 1404.
55005 4 0 053 0 05 0 0 0 5100 52 0 04700 4800 4900
Wavelength [X ]
Figure 3.14: Template star SA0146736, for NGC 1399 &: NGC 1404.
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55005 3 0 0 5 4 0 05100 52004700 4800 4900 5 0 0 0
Wavelength [Ä]
Figure 3.15: Template star SA0159846, for M49.













55005300 54005000 5100 52004700 4800 4900
Wavelength [Ä]
Figure 3.17: Template star SA0221060, for NGC 1399.
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C hapter 4
M easu ring  L ine-of-sight V eloc ity  D istr ib u tio n s
4.1 Introduction.
This chapter deals with the problem of recovering the line-of-sight velocity dis­
tribution from the integrated spectra of giant elliptical galaxies. The method we 
have used is a modification of the Sargent et al. (1977, SSBS) Fourier quotient 
method, which is widely used for velocity dispersion and redshift measurements. 
The SSBS Fourier quotient method has been well studied by Sargent et al. (1978, 
SYB), Schechter & Gunn (1979), Efstathiou et al. (1980), Kormendy &; Illingworth 
(1982) and others. Laird & Levison (1985, LL) did the first detailed theoretical 
study of the effects of template star mismatching by using stellar atmosphere mod­
els to generate synthetic spectra of known metallicity. LL still remains the best 
review of the SSBS Fourier quotient method and we will often refer to their results 
in the following discussion. A summary of the Fourier quotient method and its 
strengths and weaknesses will be made in the next section.
The Fourier quotient (FQ) method brought a new level of accuracy to both 
redshift and velocity dispersion measurements. However, the method was not in­
tended to recover information about the profile of the broadening function (BF), 
as it assumes it to be gaussian. We present a modification of the FQ technique, 
which allows the shape of the BF to be determined under certain conditions. This 
modified Fourier quotient method does not allow for asymmetric profiles and the 
galaxies in our sample were chosen to minimize the likelihood of asymmetry (see 
chapter 3).
4.2 SSBS Fourier Q uotient Technique
The spectrum of a galaxy is the superposition of the spectra of the stars it contains 
along the line of sight. The stellar line-of-sight velocity distribution in giant galax­
ies broadens their spectral absorption lines significantly from the intrinsic stellar 
absorption line width. However, the spectrograph also has a transmission function
82
across the slit, causing a further broadening of the spectral lines. The transmission 
function can have a complicated shape, but if the observations are done carefully 
the effect will be equivalent in the galaxy and tem plate star spectra.
We will briefly review the formulation of the FQ m ethod as a preliminary to 
the formulation of the modified Fourier quotient (MFQ) method presented in the 
next section.
W ith the assumption of a gaussian BF, the galaxy spectrum  G(v) is the con­
volution of the characteristic stellar tem plate spectrum  T(v)  (dominated by the 
instrum ental BF) and a gaussian B(v)  of width equal to the galaxy stellar ve­
locity dispersion. A convolution is equivalent to a multiplication in the Fourier 
domain, so G(k ) =  T(k)B(k)  and the Fourier transform of the BF is the quotient 
Q(k) = G(k)/T(k).  The discrete Fourier transform (FT) of a gaussian of dispersion 
a is
B(k)  = 7 exp
1 ( 2 i r k a \ 2 ( 2irvik\
2 (nr) + (nr) (4.1)
where N  is the number of wavelength bins (In A) in the spectrum. The method 
is to fit equation 4.1 to the derived quotient Q(k),  thereby determining the three 
param eters u, 7 and cr, where 7 is the relative line-strength of the galaxy to tem plate 
star absorption lines, v is the relative redshift and a is the velocity dispersion. A 




k = k i
Q(k) -  B{k)
AQ(fc)
(4.2)
is minimized. The limits /q, k2 exclude wavenumbers dominated by low frequency 
variations and high frequency noise, both of which are not a property of the BF. 
The method has been shown to be relatively insensitive to the exact choice of k\ 
and k2. A Q(k) is the expected uncertainty in Q(k),  which was assumed to be due 
to photon statistics by SSBS. This has been argued against by Williams (1981) and 
defended by LL. Discussion of this will be left until later in the chapter.
For giant galaxies with typical velocity dispersions in the range of 100 to 
300 km s-1 , the resolution of the spectrograph and the resulting instrum ental broad­
ening has a significant effect on the shape of the absorption lines. The strength of
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the FQ method is that in dividing the FT of the galaxy spectrum by the FT of a 
stellar spectrum, the spectrograph response is removed, as is the intrinsic stellar 
line profile. This (in principle) leaves only the FT of the stellar BF and allows the 
velocity dispersion to be calculated.
LL showed that the velocity dispersion is to some degree dependent upon the 
difference in metallicity between the galaxy and template. They also showed that 
the effect is less if there are less spectral lines in the region and concluded that 
the dependency is partly due to line blanketing. By using synthetic spectra and 
controlling the [Fe/H] ratios, they also found that as metallicity increases the ab­
sorption lines can become broader without deepening, which distorts the FT of the 
BF from gaussian. This causes a dependence of velocity dispersion on the mismatch 
between galaxy and template metallicity. However, as they noted, this dependence 
is specific to the spectral region studied and its particular set of absorption lines. 
Their study was done without noise, which would tend to hide these trends and 
their galaxy spectrum was based on one stellar spectral type (K giant). We know 
from population studies of elliptical galaxies (e . g . Pickles, 1983), that they are 
formed of composite populations where K giants are the most common. The effect 
on velocity dispersion measurements of having a composite spectrum divided by a 
single star spectrum in the FQ (rather than a star-star FQ) is unclear.
In principle, a stellar template could be made from a number of different stellar 
spectra, representative of the stellar population of ellipticals. In practice this has 
many problems since the exact population mix is not well known at this time. 
When there is a more precise understanding of the stellar population in giant 
ellipticals, it might be possible to produce composite spectra, which would reduce 
the mismatching problems.
We have analysed our sample of galaxies and template stars using the standard 
FQ technique. Our observational approach was to observe a sufficiently large num­
ber of template stars (mostly K giants with at least solar abundance) and draw 
conclusions from the statistics of the individual results. We used the SSBS FQ 
method to measure gaussian velocity dispersion for each of our 4 elliptical galaxies 
using all 17 of our SAO stars as templates. Figure 4.1 shows velocity dispersion 
histograms for each of the elliptical galaxies. Photon noise is the dominant source
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of error and no dependence on spectral type or metallicity was seen in the data. 
Table 4.1 shows the corresponding velocity dispersion measurements. The error 
in column 3 is the l a  spread of values (internal error) for all stars versus each 
galaxy. The other error (column 3) is based on two independent spectra (external 
error) where the galaxy was observed on two nights (NGC 1399, NGC 4472) and 
subsets of the data  (NGC 4486). NGC 1404 had a low S/N  ratio and did not allow 
subsetting of the data, so an estim ate was derived from the relative S/N  of NGC 
1404 to NGC 1399 and NGC 1399’s external error. This second error is a more 
realistic estim ate of the true error in the velocity dispersions.
4.3  R eco v ery  o f  th e  B ro a d en in g  F u n ction
As a starting point for this study we needed to determine the likelihood of being able 
to recover the shape of the stellar broadening function from the optical spectrum 
of an elliptical galaxy. The fourier quotient method of Sargent et al. (1977, SSBS) 
appeared the best starting point and a modified version of their FQ method was 
developed.
LL showed how the Fourier quotient curve deviates from gaussian due to tem ­
plate star mismatching. It was clear th a t the line-of-sight stellar velocity distribu­
tion could not be reconstructed directly from the FQ. However, the SSBS method 
does effectively return good velocity dispersion values by making the assumption 
tha t the true FQ is the FT of a gaussian BF (as it was in all LL’s tests). This 
simple assumption leads to some systematic errors if the galaxy and tem plate star 
spectra are poorly matched, but otherwise it works well.
By making some assumption about the possible form of the BF in the halo of 
an elliptical galaxy with an anisotropic velocity distribution, it may be possible to 
extract some information about the shape of the true BF using a modified form of 
the SSBS method. In this section, we discuss some simulations of this procedure.
4.3.1 P aram eterized  B road en ing  Function
We saw in chapter 2, tha t tangentially anisotropic velocity dispersions lead to 
squarer than Gaussian line-of-sight velocity distributions. Construction of a model 
with all the stars on circular orbits revealed the curve shown in figure 2.11 (page 28)
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Velocity Dispersion [km /s] Velocity Dispersion [k m /s]
NGC 4472 NGC 4486
o  o
Velocity Dispersion [k m /s] Velocity Dispersion [k m /s]
Figure 4.1: Velocity dispersion histograms for each elliptical galaxy. Velocity dis­
persion was measured using the standard SSBS Fourier quotient method for each 
galaxy versus all 17 template stars.
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NGC 1399 a 227 5
b 238 10
a-fb 233 8 12
NGC 1404 a 151 8 20
NGC 4472 a 196 2
b 189 6
a-fb 193 5 10
NGC 4486 a 232 5
b 244 3
a-fb 238 7 12
Notes to Table 4.1: Column (2) Spectra taken on different nights (or from subsets 
of data) are labelled a and b; a+ b  is the sum of all spectra for the galaxy. (3) 
Velocity dispersion (k m s -1) from SSBS method. (4) One standard deviation error 
(k m s -1) from comparison to all standard stars. (5) Error based on differences 
from subsets of data. In the case of NGC 1404, the estim ated error is derived by 
comparison to NGC 1399’s S/N  and error.
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and even with projection along the line of sight, the curve could still be very square 
( e.g. figure 2.15 on page 32). Dejonghe (1987) studied the anisotropic Plum m er
to some of the profiles shown in chapter 2 (e.g. figure 2.9 on page 25).
A simple parameterized curve was needed tha t would be able to represent line 
profiles ranging from gaussian to square. There was a constraint tha t the function
of input parameters. We tried a number of analytic functions, but none could 
adequately model a range of shapes from gaussian to square curves. The solution 
was a function formed by convolving a gaussian with a square (top-hat) function. 
In the Fourier domain the function is analytic and is described by
where the m ajority of symbols are the same as in equation 4.1, ag and hs are 
the dispersion of the gaussian component and half-width of the square component. 
Figure 4.2 shows a range of line profiles, constructed from the inverse FT of equation 
4.3, with their kurtosis values indicated (compare to figure 2.9). Not all values of 
kurtosis and velocity dispersion are possible due to the resolution of the discrete 
data. For example, at a kurtosis of slightly less than 3.0 the square component 
becomes 3 pixels wide instead of 1 (delta function) causing a sudden jum p in the 
kurtosis. The same problem occurs near k=1.8 (square). The size of the steps 
depends on the ratio of the velocity resolution to velocity dispersion and ranges 
from Ak=0.03 to 0.10 at worst. To minimize this digitization problem, an iterative 
procedure was employed to find the curve with a kurtosis and velocity dispersion 
closest to the desired values.
Equation 4.3 includes the wings of the velocity distribution which causes the 
kurtosis values to be higher than the equivalent curves in chapter 2. W hile the 
lowering of the gaussian component in equation 4.3 is possible, the degree to which 
it is lowered would be arbitrary and the increased complexity in equation 4.3 would 
slow the calculation tim e considerably. Calculation tim e is im portant because of 
the iterative procedure mentioned above and the large number of simulations we 
needed to run. For the square distributions shown in chapter 2, the kurtosis values
model and produced a number of B F ’s tha t were squarer than gaussian and similar
could be calculated quickly, enabling many tests to be made for a large num ber
(4.3)
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Figure 4.2: The broadening function used to model a range of possible line-of-sight 
velocity distribution profiles. Kurtosis values are given for each.
are virtually identical, but for k<^2.2 the difference due to the wings is larger. The 
lowered gaussians of chapter 2 have k~ 2.56 instead of k=3.0 for a full height 
gaussian. This shows that kurtosis is probably not the best indicator of line shape 
for this type of problem, but it still gives us some quantitative measure to compare 
with by-eye estimates of squareness.
Even with very high S/N spectra it is unlikely that the exact extent of the wings 
could ever be recovered because of the problem with template star mismatching and 
more technical problems such as accurate baseline subtraction. This is unfortunate, 
because as Dejonghe (1987) pointed out, it is the wings of the distribution that have 
potentially the most information to offer. They reflect the local escape velocity in 
a galaxy and consequently give information about the gravitational potential.
Our simulation code is based on the SSBS FQ method but with equation 4.3 
as the fitting function. Dressier (1979) used the SSBS FQ method in a slightly 
modified form by Rose. The first modification was to fit a smooth function to the
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baseline of each spectrum  and subtract it after normalization. The original method 
(SSBS) was to subtract a constant and rely on a cosbell filter to taper the ends 
of the spectrum. Smooth function fitting has been adopted in most studies since 
then and we use a sixth order polynomial here. The second modification was to 
fit a smooth function (gaussian) to the FT of the tem plate star, which avoids the 
denominator in equation 4.2 becoming very small.
We were interested in trying to improve the fitting of the FQ with the FT of 
the param eterized BF. The problem is tha t the FQ is a noisy function with an 
asymm etric distribution of deviations. A few alternatives were attem pted  with 
varying results. A direct smoothing of the FQ was tried, where the smoothing 
function was a running mean filter. The problem with this filter was tha t when poles 
occurred in the division of the galaxy FT by the tem plate FT (G ( k ) / T ( k )), the 
deviations could be much larger in the positive direction than the negative direction. 
There was a systematic increase in the derived line-strength and a corresponding 
increase in the estim ated dispersion due to poor fitting which could be as high as 
4%.
The second a ttem pt was to use a median filter, which would naturally exclude 
any spikes in B(k) .  This m ethod had much better results and we have employed 
it here. Bender’s (1990) Fourier correlation quotient (FCQ) method uses a similar 
idea but in a different domain. He chooses a window about the correlation peaks, 
which excludes the undesirable effects of secondary peaks when deconvolving the 
instrum ental profile (auto-correlation peak of tem plate spectrum ) from the cross 
correlation peak of the galaxy and tem plate star spectra. A smoothing in the fourier 
domain is equivalent to passing a window over the data in the real domain. This 
reduces the undesirable effects of the inter-line spacings, which can be responsible 
for many of the bumps-and-wiggles in the FQ curve.
We have chosen a median filter length of 31 in wavenumber as the most reliable 
for our observational arrangem ent. The same filter is applied to the weightings 
curve. The exact choice of filter length is not critical and to avoid end effects, the 
filter length is shortened as it approaches k=0 so tha t the points used in the filter 
are symmetric about the point being filtered. The testing of this filtering method 
revealed tha t although it improves the ability to recover line profile information,
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it in general does not improve velocity dispersion measurements. In fact, it is 
marginally worse and for this reason we used the unsmoothed FQ when determining 
the velocity dispersion for each galaxy. The mean values for the two methods were 
in agreement to better than 2% for each galaxy, but the smoothing causes the 
velocity dispersion to be systematically overestimated by approximately 1 to 2% 
over the range of velocity dispersions in our data.
The median filter does however improve the ability to recover the BF from the 
FQ. As we will see in the histograms presented in the next section, even at relatively 
high S/N  ratios for star and galaxy, there are a number of returned kurtosis values 
tha t are quite different from the input kurtosis. The number of these “failures” 
is reduced by about 20% when the filtering is employed. There may be ways to 
improve the dispersion estim ates when the filter is employed and this is the subject 
of on going study.
4 .3 .2  T estin g  o f th e  M odified  Fourier Q uotient M eth od .
We constructed synthetic spectra in the region AA4700-5500 Ä from a continuum 
and a set of gaussian absorption lines. The positions and strengths of the lines 
were determined by measuring a high resolution spectrogram of a K0 III star. The 
resolution of the final spectrum  has been set at 23.0 km s-1 pixel-1 to m atch our 
real spectra.
The simulated galaxy spectrum  is formed by convolving the tem plate star 
spectrum  with a BF and then with the spectrograph response function (SRF, as­
sumed gaussian). The tem plate is also convolved with the SRF. The S/N  ratios of 
the galaxy and tem plate spectra are chosen, the continuum level is adjusted and 
Poisson-distributed noise is added. Figure 4.3 shows an example of a synthetic 
stellar spectrum  and a galaxy spectrum; both have a S/N  of 20. Comparison of 
these spectra to those presented in chapter 3 shows some differences, especially the 
extensive blanket of weak lines present in the real spectra.
Forming a galaxy spectrum  directly from the tem plate spectrum  would result 
in an idealized matching of the features. Since our observational approach is to 
measure many tem plate stars covering a range of spectral types and metallicities 
there is a need to simulate some of the causes of the mismatching. The spectral
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Figure 4.3: Synthetic spectra with a S/N of 20 and velocity dispersion of 250 km s-1. 
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Figure 4.4: The effect on the power spectrum of the Fourier quotient of some 
artificially induced distortions. See text for explanation.
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region we chose to use is dominated by the F e /C a l blend, Mgb triplet and 
( e.g. see figure 3.1 on page 71).
The continua of the synthetic spectra are chosen from the set of stellar and 
galaxy baselines of our real spectra. These were obtained by fitting 6th order 
polynomials to the real data. We have introduced a number of distortions into the 
tem plate star spectrum , but not into the galaxy spectrum. They are as follows;
(1) A random variation in the width of the C a l and M gb lines of up to 20%, but 
all the other lines are normal. Figure 4.4 (top left box) shows the power spectrum 
of the FQ with 15% distortion of some line widths; no noise was added to the 
spectra. The main feature is at a low wavenumber where there is a dip in the 
curve. A decrease in the line width causes excess power in the same wavenumber. 
Some distortion is seen at other wavenumbers and the whole level of the curve has 
been lowered, which is equivalent to the relative line-strength being reduced. The 
error in the recovered velocity dispersion was 1.5%.
(2) A slight shifting of spectral lines near each end of the spectrum , where 
wavelength calibration (scrunching) is most unreliable. Figure 4.4 (top right box) 
shows the distortion from a mean shift of 0.3 Ä (0.6 channel) in the last 200 Ä at 
each end. Lines are moved in the opposite direction at each end of the spectrum. 
This is a much larger shift than the normal scrunching errors would introduce, but 
there is no error introduced into the positions of most of the spectral lines and 
smaller shifts all the way along the spectrum  would introduce many more distor­
tions than shown here. The distortions introduced by this shifting are similar to the 
distortions seen in the FQ of high quality, but mismatched, spectra. Although this 
particular distortion is not the m ajor cause of the rough FQ curve of real spectra, 
it is a convenient mechanism for introducing similar distortions. The error in the 
recovered velocity dispersion was 2%.
(3) A small change in the depth of half of the weak lines. Figure 4.4 (bottom  
left box) shows the effect of a 10% increase in their depth. This introduces a similar 
distortion to tha t seen in case (1). The error in the velocity dispersion was less 
than 0.5%.
Figure 4.4 (bottom  right box) shows the cumulative effect of the most extreme 
distortions allowed in our tests. The signs of the distortions have been chosen to
94
approach a worst case. The non-uniformity of the curve is not quite as extreme as 
LL’s metallicity mismatched spectra (A[Fe/H]=0.5), even though the distortions 
we have introduced are large in some cases. In the testing of the method the above 
three types of distortion were introduced in random amounts, where the maximum 
is 20% for line width, 0.5 Ä shift for lines near the end of the spectrum  and 20% 
for line depth. The input param eters for this curve were a =  200 km s-1 , 7 =  1.0 
and v =  Okm s-1 , the returned values were 202.3 km s“ 1, 1.02 and -2.6 km s-1 
respectively. Although the curve deviates markedly from gaussian, after median 
filtering, the recovered BF param eters are still close to the input BF parameters.
The effect on the fourier quotient is similar to tha t seen in LL and Bender (1990), 
where they showed the distortions in the FQ profile due to tem plate mismatching. 
Despite the distortions introduced here, there is only a small error in the velocity 
dispersion of at worst 3.0%.
There are many features in the power spectra of real stars and galaxies tha t are 
relatively constant, with some dependency on their spectral type and metallicity. 
Figures 4.5 and 4.6 show the power spectra of a selection of the SAO tem plate 
stars and the four giant ellipticals in our sample. The spectral type and metallicity 
is indicated in each of the SAO stars boxes and three fairly constant features are 
identified in the top left box (crosses) of each figure. Note tha t there are many other 
similarities between all the power spectra. The most easily identifiable feature is 
the peak at wavenumber k=26. This spike is evident in all the boxes on both 
pages, but varies in strength. The two solar abundance SAO stars (marked with 
an =  sign) have noticeably weaker peaks than the other stars. The variation with 
spectral type is less clear but inspection of the wide feature at k=40 is slightly 
stronger in the K3III giants than the K2III giant and much stronger than the K1IV 
sub-giant. The same feature is present in the giant ellipticals, although the poorer 
S/N  of NGC 1404 has hidden many of the features.
It is not surprising tha t the bumps-and-wiggles in the FQ are a property of the 
particular wavelength region and tha t the features are not very sensitive to the 
spectral type of the star. Although we have not attem pted to make direct use of 
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Figure 4.5: Power spectra for a variety of the tem plate SAO stars. There are a
number of features tha t appear in all curves, a few are marked in the top left box.








Figure 4.6: Power spectra for the giant elliptical galaxies. The features that were 
constant in the previous figure also appear here. NGC 1404’s spectrum has a much 
lower S/N and a smaller velocity dispersion than the other galaxies.
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Only the power spectra have been shown here, but the FQ and MFQ methods fit 
to the real and imaginary parts of the FQ simultaneously. W ith noise free spectra 
at the same rest wavelength and with gaussian line profiles, there is little difference 
between the power spectrum  and real part of the FQ. There is however a difference 
when line profiles are non-gaussian and not at rest wavelengths.
Figure 4.7 shows the real part of the FT of each of the broadening functions in 
figure 4.2, all of which have a velocity dispersion of 250 km s-1 , measured from the 
second moment of the BF. The more negative the FQ curve, the more square is 
the curve. This effect is due to the sinc(x) term  in equation 4.3. It is this negative 
portion of the curve tha t gives us the best chance of detecting squarer than gaussian 
B F’s.
The following figure (4.8) shows the real part of the FT for the four broadening 
functions derived for each galaxy using the circular orbits model and the true (or 
King) light distribution in the projection ( e.g. figure 2.31 on page 53). The widths 
of the line-of-sight velocity distributions were set equal to allow comparison of the 
differences in the vertical direction of the FQ. Note tha t NGC 1404 showed a strong 
double humped BF profile (figure 2.24 on page 47) and consequently has a kurtosis 
(k=1.69) less than for a square (k=1.8), which is also responsible for its difference 
to the other galaxies in figure 4.8. NGC 1399 had a central peak (figure 2.19 on 
page 39) which increases its kurtosis (k=1.96) and consequently has the shallowest 
negative feature in figure 4.8. NGC 4472 and NGC 4486 have similar B F ’s and 
FQ ’s, and are most similar to the k=1.9 curve in figure 4.7.
4.3 .3  T he M FQ m eth od: R esu lts  o f th e  T esting
We ran a large number of simulations covering a range of velocity dispersion, kurto­
sis, S/N of galaxy and S/N  of tem plate. A minimum of th irty  independent simula­
tions were run at each point in the 4 param eter space. The volume of data  collected 
is impossible to display in a compact format, so a representative cross-section of 
the results will be shown. Because the kurtosis of our model curve (equation 4.3) 
can only assume values between 1.8 (square) and 3.0 (gaussian) a simple statistical 
measure of the success of recovering the kurtosis of the BF is misleading. As will 




Figure 4.7: Real part of the Fourier quotient for curves of different kurtosis.
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Figure 4.8: Real part of Fourier quotient for the circular model line profiles of 
chapter 2. See text for more information.
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follow a normal distribution. So we have chosen to display histograms of the results 
as these give a better understanding of the behaviour of the MFQ method.
If only 2 or 3 tem plate stars are observed then it is virtually impossible to draw 
any definite conclusions about the kurtosis results of the MFQ method. Inspection 
of the FQ curves for trials tha t returned poor values of kurtosis revealed tha t the 
FQ was significantly distorted by noise effects. In certain number of cases the noise 
will cause many upward (or downward) spikes over a wide region of the FQ curve 
which will not be totally removed by the filtering. Figure 4.9 shows one of the 
failed trials (upper box) and a relatively successful result (lower box). The rough 
curve is the median smoothed FQ, the solid smooth curve is the input FQ curve 
with k=2.43 and the dashed curve is the recovered FQ. Both tests have the same 
input param eters, with S/N =20 for galaxy and tem plate. The returned kurtosis 
values are 2.05 and 2.51. The median filtered curve in the upper box was depressed 
between k=75 and k=125 by a large number of negative spikes in the unfiltered FQ. 
These sort of deviations become rare when the S/N  of both galaxy and tem plate 
are above 25. We attem pted to find different filter lengths to avoid this problem 
but conclude tha t the problem cannot be eliminated, only minimized.
Figure 4.10 (page 104) shows histograms of the kurtosis values returned from 
the analysis of the synthetic spectra. The kurtosis value of the B F’s used to form 
the galaxy spectra are listed in each box, as is the S/N  ratios of the galaxy and 
tem plate stars. Each column of boxes has one kurtosis value (1.8, 2.4, 3.0) and 
each row has one galaxy S/N  ratio (15, 20, 25, 30). The tem plate star has a S/N 
of 30 for all boxes and the input velocity dispersion was 200 km s-1 . The left hand 
(k=1.8) and right hand (k=3.0) columns of figure 4.10 show the reason why it is 
necessary to view the histograms rather than taking the mean or median of the 
results. In these two cases, we see tha t the modal value is the same as the input 
values.
However, for k=2.4 the best measure of success is the mean (or median) and 
standard deviation of the results. For the k=2.4 simulations shown in figure 4.10, 
the returned values of kurtosis in top-to-bottom  order were k =  2.32 ±  0.4,2.53 ±  
0.33,2.48 ±  0.27 and 2.45 ±  0.2. The errors are the \cr spread of values for the 




Figure 4.9: Real part of the Fourier quotient. Rough solid lines are the median 
filtered FQ curves, solid smooth curves are the input FQ curve used to broaden 
the synthetic galaxy spectrum. The dashed curves are the recovered FQ from the 
MFQ program.
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values of kurtosis. At a kurtosis of k=2.2 we saw no evidence of systematic error 
in our simulations, but the typical error in the mean was 0.05 at S/N ratios of 30 
for template and 25 for galaxy. At smaller kutosis values they are systematically 
low and at higher values they are systematically high like the k=2.4 case. Even at 
high S/N ratios there are still a number of trials that return values far from the 
input value. The major cause of this is the noise and the secondary cause is the 
template star mismatch.
Figure 4.11 shows similar plots for 5 different values of kurtosis, two different 
velocity dispersions (<r = 150,250 km s”1) and a constant S/N of 30 for galaxy 
and template star. The Kolmogorov-Smirnov (K-S) two-sample test was used to 
compare the kurtosis distributions for both velocity dispersions. There are 30 trials 
shown in each box and there is no significant difference in the ability to recover 
the kurtosis over the range of velocity dispersions seen in the giant galaxies at this 
S/N.
At lower galaxy and template S/N ratios the kurtosis is less accurately recov­
ered, especially at lower velocity dispersion values. This contrasts with the recovery 
of velocity dispersion, which is usually more accurate at lower dispersions (figure 
4.12).
4 .4  T h e  M FQ  m eth o d : R esu lts
Apart from the simulations shown in the previous figures, we ran 90 tests at velocity 
dispersions and S/N ratios chosen to be similar to the four elliptical galaxies in our 
sample and the template stars. Template star S/N was fixed at 20, galaxy S/N 
varied from 10 for NGC 1404, 20 for NGC 4486, to 25 for NGC 1399 and NGC 
4472. Figures 4.13 and 4.14 show 6 different kurtosis values for each of the 4 galaxy 
simulations. For the NGC 1399 and NGC 4486 tests the results are similar to those 
seen earlier, but NGC 1404 has such a low S/N ratio that the returned kurtosis 
values are spread over the full range of values in most boxes. The difference between 
k^2.0 and k^2.8 are clear, but finer distinctions are impossible.
NGC 4472’s simulations, figure 4.14 (upper boxes), are not as good as the 
simulations for the other higher S/N galaxies. Again there appears to be little 






Figure 4.10: Histogram of kurtosis returned (for 30 trials) for a range of input 
parameters. Parameter values are shown as [ a  (km s-1), kurtosis, S/N of template 




Figure 4.11: Histogram of kurtosis returned for two velocity dispersion values (150 
and 250kms_1). Parameter values are shown as [<r (km s-1), kurtosis, S/N of 
template, S/N of galaxy].
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Figure 4.12: Ratio of output to input velocity dispersion for 30 trials at each 
velocity dispersion. The input kurtosis was 2.6, S/N =20 for galaxy and S/N =25 
for tem plate stars. Error bars are the 1 sigma spread of values.
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the differences are clearer than for NGC 1404. The difference is in the velocity 
dispersion of NGC 4472, which is 193 km s-1 as against approximately 235 km s-1for 
NGC 1399 and NGC 4486. NGC 1404 has a velocity dispersion of just 151kms_1. 
At higher S/N ratios of 30, there is no obvious dependence on velocity dispersion 
but at S/N of 20 to 25 this becomes a problem. A lower velocity dispersion leads 
to a wider curve in the Fourier domain and consequently more wavenumbers with 
significant power. In the standard FQ method of fitting a gaussian to the FQ, this 
leads to an improved accuracy in determining the velocity dispersion. However, for 
recovering the shape of the BF, the important part of the FQ curve is the part that 
goes negative and this occurs at wavenumbers that have relatively low power and 
consequently lower weighting. When the curve is stretched over more wavenumbers 
(lower dispersion), the fitting is more often affected by problems such as shown in 
the upper box of figure 4.9.
The final figure (4.15) shows the kurtosis histograms for each of the galaxies 
(centre column) and the two closest test histograms from the previous figures: left 
hand column k=2.8, right hand column k=3.0. The vertical scales have been chosen 
to match the number of tests (90) to the number of galaxy-template pairs (17). 
The K-S test was applied to each pair of histograms for each galaxy. The K-S test 
is better suited to equal sized samples or samples of greater than 40. The larger 
number of tests were scaled to match the real data. A Mann-Whitney U test was 
also used for some of the distributions and we found little difference between the 
results of each test. The probabilities quoted below are from the K-S two-sample 
test.
NGC 1399 has a clear result. There is a 100% chance that its histogram and 
the k=3.0 histogram are sampled from the same distribution, whereas there is only 
a 10% chance that it is the same as the k=2.8 distribution. The k=2.5 distribution 
is rejected at the a — 0.002 level.
NGC 1404 has a weaker result. There is a 100% chance of it being from the 
same distribution as either k=3.0 or k=2.8. The k=2.5 distribution is rejected at 
the a = 0.01 level.
NGC 4472 has a large number of points at exactly k=3.0. Consequently, the K- 








Figure 4.13: Histogram of kurtosis returned (for 90 trials) for a range of kurtosis 
(k) parameters. Upper 6 boxes are chosen to match the velocity dispersion and 
S/N (25) of NGC 1399 and lower boxes relate to NGC 1404, S/N=10. All tests 








Figure 4.14: Histogram of kurtosis returned (for 90 trials) for a range of kurtosis 
(k) values. Upper 6 boxes are chosen to match the velocity dispersion and S/N 
(25) of NGC 4472 and lower boxes relate to NGC 4486, S/N=20. All tests assume 
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Figure 4.15: Central column of boxes shows the kurtosis values returned for each 
of the giant ellipticals versus each of the tem plate stars. On each side is the two 
test distributions considered most similar to the galaxies.
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at the 44% level. The k=2.8 has an 11% probability and k=2.5 is rejected at the 
a  =  0.05 level.
NGC 4486 has all its points at k=3.0 and has a equally low probability (4%) of 
being the same as the k=3.0 histogram. There is virtually no possibilty of it being 
compatible with k< 2.8.
Both NGC 4472 and NGC 4486 have unusually high numbers of k=3.0 results. 
Part of the reason for this is the problem mentioned earlier with the discrete nature 
of the data. At the velocity dispersions near those of NGC 4472 and NGC 4486 
the step from k=3.0 to the next possible value of kurtosis may be biasing against 
slightly non-gaussian results. All of the tests were run at exactly the same velocity 
dispersion as the galaxy, but the galaxy has a different dispersion value returned 
by each star and so it is difficult to quantify the effect.
The extreme distribution of NGC 4486 cannot be explained on quantization 
problems alone. Saha (private communication) has analyzed our spectra of NGC 
4486 and three of the SAO stars observed on the same night using Bender’s (1990) 
FCQ method. He finds no evidence of asymmetry and no indication of a non- 
gaussian BF.
4.5  S u m m a ry
It is relatively easy to obtain template star spectra of S/N<^25, however, the same 
cannot be said for spectra of the halos of giant elliptical galaxies. Two of our 
galaxies had the equivalent of one whole night of observations on the 3.9 metre 
A AT, but the best S/N ratio of our sample is approximately 25. This appears to 
be the minimum S/N for accurate results from the MFQ method. At S/N ratios 
of 30 for galaxy and templates we could hope to obtain tight distributions around 
the true kurtosis values (e.g. figure 4.10). At lower S/N’s we are forced to use 
statistical tests to constrain the kurtosis to a small range of values.
The SSBS method can obtain reliable velocity dispersions from galaxy spectra 
with S/N ratios as low as 10. The measurement of such a gross property is obviously 
a much easier task than what we have attempted here. Other competing methods 
for measuring line profile shapes now exist and will undoubtedly be subject to 
similar scrutiny as the SSBS method has been subjected to. Bender’s FCQ method
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appears to be designed to detect asymmetric line profiles and seems to do this very 
well at relatively low S/N ratios. Its ability to detect the difference between non- 
gaussian and gaussian line profiles, when they are symmetric, is not clear to us. 
The detection of asymmetry should be an easier task as it has a gross effect in the 
Fourier domain of putting power into the imaginary part.
Rix and White (1991) have put forward a method for determining the shape of 
the BF in early type galaxies, without using Fourier methods. Their approach is 
to parameterize the galaxy and template star spectra into the separate continuum, 
absorption line and noise components. They then search the parameter space look­
ing for the BF that produces the minimum residuals between galaxy and template. 
The method works best with some assumption of the form of the BF. Their main 
interest appears to be in the recovery of asymmetric profiles and consequently it is 
difficult to assess its ability to recover symmetric non-gaussian profiles, although 
they mention this possibility. The method needs similar S/N ratios to the MFQ 
method and may also need a parameterized BF.
None of the galaxies in our sample have kurtosis distributions consistent with 
significantly non-gaussian line profiles. NGC 1399 is most consistent with a gaus­
sian line-of-sight velocity distribution and is not consistent (to a high level of signif­
icance) with any distribution of k ^  2.8. NGC 1404 is only consistent with k<^  2.6 
and most likely has gaussian line profiles. NGC 4472 (M49) has a disproportion­
ately high number of k=3.0 results, as does NGC 4486 (M87). This may be due to 
quantization effects, or there may be some other as yet unidentified problem. What 
is clear, is that the probability of either of these galaxies having non-gaussian line 
profiles is small.
4.6 Concluding remarks
The traditional assumption that elliptical galaxy spectral absorption lines are gaus­
sian was mainly one of convenience. We now know that at least for some rotating 
systems the line profiles are asymmetric (Bender, 1990). The modelling of chapter 2 
produced a number of line-of-sight velocity distributions ranging from gaussian to 
very square and there is no a priori reason to assume that the line-of-sight velocity 
distributions in giant elliptical galaxies are gaussian.
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The problem of measuring non-gaussian line profiles in the halos of giant ellip­
ticals is difficult. Firstly, for a large range of models, the projection effects would 
disguise any intrinsically non-gaussian velocity distribution. Models can be con­
structed to produce square line profiles even after projection (e.g. the circular orbits 
model of chapter 2) but to be consistent with the observational parameters of the 
galaxies they are modelling, they must have a dark matter component imposed on 
the galaxy. A self consistent circular orbits model would not produce a significantly 
non-gaussian line-of-sight velocity distribution. This is somewhat ironic, as much 
of the early discussion on tangential orbits in the halos of giant elliptical galaxies 
was of interest because it offered an alternative to the dark matter explanation of 
flat velocity dispersion profiles.
From the modelling and fitting of the elliptical galaxy surface brightness dis­
tributions and velocity dispersion profiles in chapter 2, the cD galaxy NGC 1399 
stands out as the galaxy with data that could not be explained without invoking 
a large dark matter component. Surprisingly, M87 could be modelled by a stan­
dard King-Michie model fairly well, except for its cD halo. Both the cD galaxies 
have mass-to-light ratios that increase with radius and their global M/L ratios are 
similar and significantly higher than the non-cD ellipticals.
The attempt to recover the line-of-sight velocity distribution from the elliptical 
galaxy spectra gave the result that none of the galaxies had significantly non- 
gaussian distributions. The question that still remains to be answered is: does this 
mean the ellipticals do not have significantly tangential anisotropy in their halos or 
does it mean that the real phase space distribution functions of these galaxies do 
not produce non-gaussian line-of-sight velocity distributions because of projection 
effects.
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C h a p te r  5
N u c le a te d  D w a rf  E llip tic a l G a lax ie s
5.1 In tro d u ctio n
Relatively little was known about this class of dwarf galaxy when we commenced 
this study. Investigation of the internal dynamics of nucleated dwarf elliptical 
galaxies (dEn) is difficult because the galaxies and their nuclei are very faint. 
Even with 4-metre class telescopes (such as the A AT) a spectral resolution of 
much less than 1 Ä is not practical for D = 19 to 22 magnitude objects (typical 
nuclear magnitudes). The expected nuclear velocity dispersions (<r < 80kms-1) 
do not allow accurate measurement with formal velocity resolutions of 100 km s-1 
(or more) using any of the standard techniques. However, high quality panoramic 
surface photometry could give us knowledge of their morphology.
A number of groups, such as Caldwell (1983), Binggeli et al. (1984, 1985, 1991), 
Bothun et al. (1984, 1985, 1986) and many others have been actively studying dwarf 
ellipticals in mainly Virgo and to a lesser extent Fornax (most notably Ferguson, 
1989). There has been a small amount of work done on dEn outside clusters (by 
combinations of the above groups), but the main focus has been on the rich Virgo 
cluster.
Much of the sort of analysis presented here has now been done elsewhere in 
the literature. Some of the dEn sample have been included in other studies and 
the measurements of these dEn will be compared were appropriate. Because of 
the strong focus on Virgo and Fornax there has been a lack of information about 
non-cluster dEn, which are also apparently numerous. In this study, half our dEn 
are in Fornax and half are associated with relatively isolated galaxies.
The main aim of this study was to obtain surface photometry down to faint light 
levels for a small sample of dEn. This would allow the fitting of some standard 
models, such as King models or exponentials, to the galaxy and perhaps allow us 
to gain some understanding of their three dimensional structure. Of the dEn in 
our sample, the brightest halo has a peak surface brightness of 22.4 mag arcsec-2 in 
B  and the brightest nucleus is 19.6 mag in B. The dEn were observed with a CCD
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in two passbands (13, R) and the original sample was limited to just 10 galaxies. 
By restricting the number of galaxies, the quality of the surface photometry of 
each galaxy was kept to a maximum, while keeping the sample sufficiently large to 
enable us to characterize some general properties of dEn.
The surface brightness profiles of the dEn (not including the nuclei) will be 
shown to be well modelled in some cases by King models and in others by expo­
nential models. The total galaxy and nuclear magnitudes will be determined, as 
will a number of other properties.
One scenario for the fate of dEn suggests that they eventually become accreted 
by large galaxies, thereby stripping their halos and disrupting their nuclei. The 
final result being that the stripped nuclei would now be identified as one or more 
(probably large) globular clusters. Most of the known dEn reside in clusters or 
near to large galaxies. To test this merger theory, typical velocities of dEn within 
clusters were needed. This has since been done for 12 Virgo dEn galaxies by Bothun 
&; Mould (1988) and a large sample of Virgo galaxies by Binggeli et al. (1987).
We had already obtained (prior to the commencement of this thesis) long slit 
spectra of the nuclei of two of the dEn in the photometric sample and intended 
to obtain long-slit spectra of the nuclei of several others. Due to poor weather 
the second set of dEn spectra were not obtained. However, we observed a number 
of dEn in the Fornax cluster with a multi-fibre system on the Anglo-Australian 
Telescope. The aim was to obtain velocities for approximately 10 dEn and to 
determine whether they are bound to individual galaxies or if they are moving in 
the general potential of the cluster. Due to poor seeing and the faint magnitudes 
of the dEn nuclei, we were only able to obtain reliable velocities from the two 
brightest dEn. These two galaxies are also in our photometric sample and their 
spectra are of sufficient S/N to combine with the long slit spectra in a qualitative 
comparison to a number of LMC and Galactic globular cluster spectra obtained 
on both observing runs. The clusters were chosen to cover a range in age and 
metallicity.
Detailed analysis of the spectra, for age-metallicity information, goes beyond 
the scope of this thesis. We present the spectra of the four dEn and a number of 
globular clusters and perform a visual inspection of their main features. Although
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only qualitative, the similarities and differences of the dEn to various LMC and 
Galactic globular clusters is evident.
Discussion of the CCD surface photometry will precede the spectral data and 
a general discussion of dEn will follow these. All the figures have been placed at 
the end of this chapter.
5.2 CCD S u r fa c e  P h o t o m e t r y  Data: T he Sam ple
We obtained 2 filter (B, R) surface photometry for a small sample of dEn, which 
gave us both colour information (B — R) deep into their halos and reliable profiles 
for the fitting of kinematic models. Due to the faint surface brightness levels of 
these galaxies it was necessary to get long total integration times in each filter. The 
red response of the CCD’s was twice that of the blue. In addition, the expected 
colour of dEn galaxies was B  — R  äs 1.0. We attempted to have exposure times of 
at least 2:1 in favour of B.
The number of galaxies for inclusion in the sample were originally restricted to 
10. They were chosen (from photographic plates) to have a range of properties, such 
as bright nucleus/faint halo, faint nucleus/bright halo and various combinations of 
these.
Two of the galaxies were mainly observed on non-photometric nights and were 
not able to be successfully zero point corrected due to instrumental problems: these 
were discarded. The final eight galaxies of the sample will be referred to by a simple 
numbering system of dEn-#l to dEn-#8. Previous designations by other authors 
are listed in table 5.1 including total integration time in each passband, cluster 
membership or association, positions, and the average seeing. We observed dEn- 
#1 near NGC 3115, dEn-#2 & dEn-#3 near NGC 3923 and dEn-#4 near NGC 
4594. In later observing runs we observed dEn-#5 - dEn-#8 in the Fornax cluster. 
Ferguson (1989) gives a complete list of all the names that Fornax dEn have been 
called in previous studies.
5.3 CCD S u r fa c e  P h o t o m e t r y  Data: A cquisition
We took approximately 600 CCD frames using the MSSSO 1.0 metre telescope 
located at Siding Spring Observatory during three separate observing runs. All
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Table 5.1: The Sample of Nucleated Dwarf Elliptical Galaxies.
Galaxy Location Other Position (1950) PSF Exposure
Names a 6 B R
a ) (2) ( 3 ) ( 4 ) ( 5 ) (6) ( 7 ) (8)
d E n -# l N3115 10* 03m 06s —07° 30' 19" 2.2 15300 4800
dE n-#2 N3923 11 * 48m 27s -2 8 °  36' 28" 2.2 11900 3600
dE n-#3 N3923 11* 4Sm 32s -2 8 ° 39' 45" 2.2 11900 3600
dEn-# 4 N4594 12* 37m 33s -1 1 ° 02' 18" 3.0 10800 3700
dE n-#5 Fornax HCF188 03* 35m 10s -3 5 ° 45' 14" 3.0 6000 2600
dE n-#6 Fornax HCF222 03* 37m 18s -3 5 ° 31' 58" 3.0 900 600
dE n-#7 Fornax HCF252 03* 38m 56s -3 5 ° 54' 30" 2.2 5500 2300
dE n-#8 Fornax HCF223 03* 37m 25s -3 5 °  53' 09" 2.2 3600 2100
Notes to Table 5.1: Column (1) shows the galaxy name adopted in this paper. (2) 
For the first four galaxies, the nearest NGC galaxy is listed; the dEn are assumed to 
be satellites of these. The last four galaxies are all members of the Fornax cluster. 
(3) HCF numbers from Ferguson (1989). (4) Sz (5) Positions for the Fornax galaxies 
are accurate to ±1 arcsec and the other 4 are accurate to approximately 10 arcsec. 
(6) Seeing PSF FWHM  (in arcsec) in the frames tha t the nuclear profiles are 
measured. (7) h  (8) Total exposure times for B  and R  passbands in seconds.
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images were obtained with the MSO CCD camera mounted at the //8  Cassegrain 
focus. Two runs in early 1987 on dEn around right ascension 11 hours and one in 
October 1988 on Fornax dEn (a ~  3/z30777.). This gave us a sample of 8 dEn, with 
4 in large cluster environments and 4 in smaller group or isolated environments.
Due to the faint peak surface brightness of most of the dEn (B  
22.5 mag arcsec-2), we decided to take many exposures of each galaxy in only two 
passbands (B  and R). Typically, exposure times were between 600 and 900 sec­
onds. Shorter exposures are too inefficient because of the readout/reset time of the 
CCD (60 sec), and longer exposure times risk drifted images with too many cosmic 
ray events.
The GEC CCD has a laser dye coating to extend its response blueward. The 
format is 416 columns by 578 rows; however a total of 36 columns form a bias 
region. The scale at f/S is 25.4 arcsec mm-1 with each pixel 0.56 arcsec square 
(22 x 22 /zm). This results in a field of view of 5.4 by 3.6 arcmin. The readout 
noise of the CCD used in early 1987 (CCD #1) was about 10 e-  per pixel rms, and 
the CCD used later in 1987 and again in 1988 (CCD^3) was found to be about 
7 e- per pixel rms. The dark count was calculated at 9 e-  and 7 e-  per pixel 
per hour respectively with one electron being equivalent to 1 ADU. Dark counts 
were negligible compared to the sky level in all frames. Both CCD’s had similar 
characteristics and differed only in minor ways.
Graham’s (1982) E-region standard stars were observed regularly each night. 
The majority of the galaxy images were obtained on photometric nights. Some 
of the images taken on non-photometric nights were reduced and successfully zero 
point corrected to match the frames from good nights. The mean point spread 
function (PSF) for all nights varied between 2.0-4.0 arcsec FWHM.  This caused 
us to use some individual frames, with better seeing, to obtain the nuclear profiles.
5.4 CCD S u r fa c e  P h o t o m e t r y  Data: R eduction
There are several considerations in the process of reducing a raw CCD image to a 
form ready for surface photometry. Accurate sky subtraction can be a major prob­
lem. The dEn galaxies in this sample have typical peak surface brightness between 
22 to 24 mag arcsec-2 in i?, and the typical sky brightness is 22.5 mag arcsec-2.
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It is essential in this situation to do accurate bias and Hatfield corrections so that 
the adopted sky level is as precise as possible. The linear extent of the galaxies 
was less than 20% of the area of the detector in most cases, allowing good sky 
determination.
At least sixteen bias frames were taken on each night. The total set of bias 
frames was passed through a median filter, which removes any cosmic rays or slight 
readout problems in individual frames. The result is a single low noise bias frame. 
Flatfield exposures were taken each night and in each passband using the twilight 
sky. These were later median filtered to form a single flatfield in each passband for 
each night.
Each CCD had its own peculiar set of blemishes that were patched out by 
software written specifically for that CCD. These blemishes were usually dead 
portions of rows, typically 5 to 15 pixels long. They were removed by replacing 
them with interpolated values from the rows either side. Bright readout bars were a 
problem with CCD *1 and were carefully removed by interpolation. This problem 
did not exist with CCD #3.
Both CCD’s were found to be non-linear at the 4% level. The correction was 
determined by taking many frames of varying exposure lengths, each illuminated 
with a stable beta source. The results were used to correct every pixel in each of 
the data frames.
The first step in cleaning and correcting any frame is the bias subtraction. This 
is done by comparing the level of the overscan regions of each map with the level 
of the median filtered bias frame and subtracting the adjusted bias frame from 
the map. The next step was to normalize each of the flatfield maps by dividing 
them by their own mean value, then dividing the data maps by the corresponding 
median filtered and normalized flatfield map. This removes the pixel-to-pixel gain 
variations which are typically at the few percent level.
Each galaxy frame was patched by hand using an interactive patching routine 
supplied in the STARLINK package, which allows the placing of a software aper­
ture of variable size over any extraneous objects and replacing the area inside the 
aperture with a (noise added) bi-cubic spline fit to the surrounding area. This 
method was used to remove cosmic ray traces and bright stars from the frames.
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When all the individual frames were bias corrected, flatfielded and cleaned; the 
frames for each of the galaxies on each night were aligned. This was done by fitting 
gaussians to field star profiles and then shifting each map to a common position. 
The accuracy of this shifting was ±0.2 pixels (±0.1arcsec) which is sufficiently 
less than the typical seeing of 2-4 arcsec (FWHM).  We observed the galaxies near 
minimum airmass to keep the range in airmass as narrow as possible. Before adding 
similar frames, those with smaller PSF’s were degraded to match the mean PSF of 
the set.
The standard star frames were cleaned by hand, as described above. Several 
stars in Graham (1982) only have correct colours if faint nearby stars are included in 
the aperture, so no attempt was made to remove stellar images near the standards. 
Photometry on the stars was performed by two methods. The first uses a software 
routine that places a pair of concentric apertures centred on a star. The sky level 
was estimated from the modal pixel value of the annulus between inner and outer 
rings and the star counts was the sum of pixels within the inner aperture.
The second method uses a single aperture for the star and then samples several 
apertures near the star containing only sky. We found the second method more 
reliable as it was less susceptible to errors introduced by PSF variations. However, 
there was no systematic difference found between the two methods. In crowded 
fields the first method was adopted. A curve-of-growth was calculated for the stars 
in each frame to help the choice of aperture diameter. The standard stars were used 
to derive colour terms for the two CCD’s and they have been compared to other 
previously derived values for the same CCD’s and found to be in good agreement.
Surface photometry of the galaxies was performed using the GASP package.1 
GASP allows a free fit of ellipses to the surface brightness distribution of one 
galaxy in a frame, and uses an iterative method to determine the centre, ellipticity 
and position angle of each ellipse. The semi-major axis length of each ellipse 
is predetermined by setting the initial radius and then stepping logarithmically 
outward. The modal value of pixels within each ellipse is calculated and the sky 
level is estimated from the modal value of all the pixels in the outer (60 pixel wide) 
border of the frame. For this reason, care was taken to trim the frames, placing the
^.Caw son, Steward Observatory, University of Arizona.
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galaxies as central as possible, and any bright or extended objects in this border 
were patched out by hand.
The optimum way to determine the surface brightness profiles, for these objects, 
is to first let GASP do a completely free lit of the galaxy isophotes. For the maps 
with high S/N the centre of the galaxy was determined by GASP, however, visual 
inspection of fainter maps was usually the best method for choosing the centres. 
To the accuracy of the measurements (±0.5"), all galaxies appear to have their 
nuclei at their centre. GASP is then run again with a fixed centre for all ellipses. 
The position angles (P.A.) and ellipticities (e) (e.g. figure 5.3 on page 150), were 
determined at this stage. The values of e and P.A. for ellipses in each passband are 
checked by viewing the galaxy on an image display device with the ellipses overlaid 
and in all cases appeared correct. Typically, the ellipses at intermediate radii (just 
outside the cores) give the most consistent e, P.A. values. With the exception of the 
faintest galaxies, there was good agreement between e, P.A. estimates for different 
nights and both passbands.
Part of our aim was to obtain reliable B — R  profiles. If free ellipse fitting is 
allowed on both B  and R frames individually, then the B  and R  values will in 
general not be determined from the exact same part of the galaxy, having only the 
mean radius in common. To avoid this we chose fixed values for e and P.A. for each 
galaxy; these are listed in table 5.2 along with integrated JB, mean B — R  and a 
number of other quantities described later.
Having chosen the best estimate of these two parameters, another fit is per­
formed where the centres, ellipticities and P.A.’s are all held constant and are 
identical in both passbands. There are now no free parameters and GASP is sim­
ply determining the modal value of the pixels in each fixed ellipse.
This method is justified by the low surface brightnesses of the dEn. By keeping 
the ellipticity and position angle constant, the B  and R  profiles are sampled from 
the exact same regions of each galaxy. In frames of high S/N, there is little differ­
ence between free and fixed fitting and no strong evidence for isophotal twisting 
(except for dEn-^8). We found that the fixed fitting of the ellipses gives a much 
smoother and consistent surface brightness profile than the free fit, especially in 
the B  frames which are typically of poorer S/N than the matching R  frames.
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d E n -# l 16.1 -13.0 0.92 20.9 -8.2 23.6 0.38 -32° 50.7 1.61
dE n-#2 17.9 -13.9 1.32 22.3 -9.5 23.6 0.20
oOCO 20.7 2.27
dE n-#3 18.4 -13.4 1.35 21.7 -10.1 23.7 0.12 0° 20.7 2.27
dE n-#4 16.8 -13.8 0.97 22.2 -8.4 22.9 0.08 90° 35.7 2.28
dE n-#5 16.4 -15.4 1.12 21.3 -10.5 22.5 0.05 1 00 Cn o 30.8 3.43
dE n-#6 16.0 -15.8 1.10 20.9 -10.9 22.0 0.13 28° 25.8 2.87
dE n-#7 16.1 -15.7 1.25 19.6 -12.2 21.1 0.07
oO1 37.1 4.13
dE n-#8 16.4 -15.4 1.05 22.2 -9.6 23.2 0.15 15° 37.1 4.13
Notes to Table 5.2: Column (2) shows the integrated B magnitude w ithin Rmax 
(column 10). (3) Absolute B  magnitude, distances taken from the RSA corrected 
to H0 =  75km s-1 M pc-1 . (4) Mean B —R  colour. (5) B magnitude of the nucleus, 
determined by subtraction of King model from data. (6) Abolute B m agnitude of 
nuclei (see notes: column 3). (7) Central B surface brightness (extrapolation of 
the data). (8) & (9) Adopted mean ellipticity (e =  1 — b/a) and position angle of 
the m ajor axis: used in GASP analysis. (10) & (11) Maximum measured radius of 
R profile in arcsec and kpc respectively.
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The calibration equations for converting raw counts to corrected magnitude 
and colour are given below. They are based on the Kron-Cousins UBVRI system, 
using the colours and magnitudes of Graham (1982) for the Harvard E-regions stars 
observed each night. Airmass X  is calculated from the zenith distance z by
X  = 0.9982 sec 2 + 0.001817 , (5.1)
(Hardie 1962). Instrumental magnitudes are corrected to above atmosphere mag­
nitudes by
r0 -  r - 0 . 1 8 X ,  (5.2)
(6 — r)0 = (6 — r) — 0.16X , (5.3)
using the long term site values for the extinction coefficients (Bessell, private com­
munication). The transformations of the extinction corrected B  and R  magnitudes 
to the Kron-Cousins UBVRI system for CCD *1 and #3 are
Ri = 1.026ro + 22.68 A = 0.03 , (5.4)
l.Ollro + 21.83 A = 0.08 , (5.5)
( B - R )  1 = 1.124(6 - r ) 0 -  1.090 A = 0.04 , (5.6)
(B -  R )3 = 1.157(6 - r ) 0 -  1.096 A = 0.06 , (5.7)
where A is the standard deviation (in magnitudes) of the least-squares fit to the 
standard star data. There was a high degree of consistency between nights, allowing 
the above equations to be used after adding all the individual frames.
Of the 8 dEn galaxies, high S/N data was obtained for 7 galaxies, the other 
(dEn-#6) has only a few short exposures. The magnitude (BR) and colour B — R 
profiles presented in this section have been determined in the following way: For 
each galaxy, the sum of all individual exposures in each passband was used to 
calculate the profiles. The red frames typically had better seeing than the blue 
and were gaussian smoothed to match the PSF of the B  frames. While this gave 
reliable profiles for intermediate to large radii, the average PSF was 3.5" FWHM  
for the Fornax galaxies and 3.3" for the other four.
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To get the sharpest profiles for the nuclei, frames with the best seeing were 
measured individually and used for the inner regions. The nuclear profiles are in 
general from frames with a PSF of 2.2 < r < 3.0 arcsec FWHM,  and usually 
measured from the sum of 2 or more frames. Not all galaxies had exposures with 
equal (smaller) seeing in both passbands. The surface brightness profiles in the 
passband with the best seeing, usually R  band, are shown at the end of this chapter.
The nuclear regions of the B — R  profiles are not based on the best seeing 
maps. Previous studies (Zinnecker et a/., 1988) have shown tha t differential seeing 
between filters can produce colour gradients, leading to a possible m isinterpretation 
of the data. Our tests show that even when the PSF (for field stars) are measured 
to be of identical width, there is still disagreement in B — R  at small radii between 
different sets of frames for the same galaxy. Small mismatches between the PSF 
for the B  and R  curves can lead to relatively large B — R  errors and this is worse 
for narrower PS F ’s. For this reason we chose to only use the high S/N  (summed) 
frames, degrading the R  frames to the same PSF as the corresponding B  frame. 
There are gradients in the nuclei of some of the galaxies, usually ^ 0 .1  magnitudes, 
and we believe these to be mostly false gradients, caused purely by small residual 
differential seeing.
The outer part of the halos are largely unaffected by a PSF of 3 or 4" FWHM.  
Because GASP uses the modal value of the pixels in each ellipse, the profiles can 
become erratic due to secondary modal peaks. A slight smoothing of the maps 
(gaussian, a = 0.5") only increases the PSF marginally, but improves GASP’s 
estim ate of the modal value. This method is superior to using a mean value, 
which would be affected by faint stars and blemishes in the halos. For most of 
the galaxies this had little or no effect on the profiles, however, for the smaller 
and fainter galaxies there was a significant improvement. All profiles shown here 
are only extended to a radius where some evidence of the galaxies halos can be 
seen by eye on the CCD images. This criteria agrees well with the B — R  profiles, 
which usually become erratic beyond these radii. A few galaxies had R profiles 
extending beyond the B  profiles, causing the B — R  curves to cut off earlier than 
the corresponding R  curves.
Error bars (lcr) are shown for all the photom etric data. The errors are calculated 
from photon statistics, taking into account the sky subtraction. However, the sky
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level is sampled from typically 40000 pixels and has a very small formal error. The 
dominant source of error at faint light levels is the non-uniformity of sky due to 
slight residual errors from the flatfielding process. Analysis of a large number of 
sky regions around the galaxies showed a mean residual sky variation of 0.3%. This 
value was adopted for all maps.
5 .5  S p ec tro sco p ic  D ata: A cq u is it io n  and R e d u c tio n
Long slit spectra of the nuclei of two dEn (dEn-#l & dEn-#4) were obtained 
with the Anglo-Australian Telescope by K. C. Freeman, H. M. Morrison & D. 
F. Malin. Both dEn were later included in the photometric sample. The RGO 
spectrograph with 600 line/mm grating produced a dispersion of 0.92 Ä pixel-1 
over the wavelength range AA3C00-5475 Ä. The reduction procedure is identical to 
that described for the giant ellipticals in chapter 3. The final wavelength calibrated 
spectra consist of 2048 log(A) bins; AA3750-5400 Ä with a resolution of 0.8 Ä pixel-1 
(53.4kms-1 pixel-1).
We observed a number of dEn in the Fornax cluster with the multi-fibre spec­
trograph system on the A AT. The multi-fibre system allows the simultaneous ob­
servation of 60 objects in a 40 arcmin diameter field. An aperture plate has holes 
drilled in it at the locations of the images of the 60 objects. Optical fibres feed the 
light from each hole to the slit of the spectrograph. This results in the IPCS de­
tector having 60 independent and parallel spectra imaged across its surface. There 
is no sky illumination of the detector and thus a number of fibres were dedicated 
to sky only.
The aim was to obtain velocities for approximately 10 dEn and to determine 
whether they are bound to individual galaxies, or are moving in the general cluster 
potential. One disadvantage of the multi-fibre system is that the optical fibres 
are of order 1 arcsec in diameter and in conditions of poor seeing the amount of 
captured light decreases severely. Due to poor seeing and the faint magnitudes 
of the dEn nuclei, we 011I3' obtained two reliable velocities from the two brightest 
dEn. These two spectra have sufficient counts to allow comparisons to globular 
cluster spectra. The reduction techniques for fibre data has a few complications 
beyond that of standard long slit spectra, but the general reduction method is
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essentially the same as that described in chapter 3. The final wavelength calibrated 
spectra have 1024 log(A) bins; AA3800-5500Ä with a resolution of 1.66 Ä pixel-1 
(108 km s-1 pixel-1).
The quality of the fibre spectra is in this case superior to the long slit spectra. 
There were two reasons for this: Firstly, there were 10 fibres assigned to sky, giving 
a reliable estimate of sky brightness sampled over a 40 arcmin wide field. Secondly, 
when the long slit spectra were obtained it was not known that these galaxies are 
in fact quite large in linear extent and there was an insufficient amount of sky 
for accurate subtraction. Visual inspection of the long slit spectra shows several 
features in the continuum of dEn-#l and dEn-#4 that are purely artifacts of poor 
sky subtraction (e.g. figure 5.26 on page 173). However, some information can still 
be gained about their age and metallicity.
Some comparison LMC and Galactic globular clusters were observed on both 
observing runs. They were chosen to cover a range in age and metallicity which 
would hopefully bracket the age and metallicity of the dEn. Discussion of the 
spectra will follow the discussion of the photometry in the next section.
5.6 C C D  Surface P h o to m etry :  M o d els  and  R e su lts
The results of the surface photometry for each of the eight dEn are shown in 
figures 5.1 to 5.25. There are three pages of figures for each galaxy. We will first 
give details of the significance of each of the different figures and then follow with 
specific comments dealing with each of the galaxies.
The first figure page (e.g. fig 5.1 on page 149): Grey scale images of each 
of the galaxies are presented. Where two images are shown, the upper one is the 
sum of all frames in the indicated passband and the lower is the same image but 
smoothed. The gaussian smoothing (a = 0.5" or 1 pixel) has virtually no effect on 
the PSF but shows the isophotes more clearly. Major axes, scales and orientations 
are marked on each image: scales are not necessarily identical for the upper and 
lower images. Only one image is shown for galaxies where there was no extra 
information to be gained by showing both.
The second figure page (e.g. fig 5.2): The upper two boxes in each of these 
figures shows the highest quality surface brightness profiles (usually R) plotted in
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log and linear radius respectively. These curves are composite curves, the nuclear 
regions (r ^  10") taken from frames with the smallest PSF’s and the outer regions 
taken from the sum of all frames in the same filter. The error bars can be seen to be 
smallest around 5 arcsec and increase towards the centre due to shorter exposure 
times and less pixels per unit radius.
The solid curves are the best fit King models (upper boxes) and exponential 
models (straight line) in the centre boxes. Dashed lines in the upper two boxes are 
the mean PSF’s determined from stars in the same frames as the nuclear profiles 
are measured from. Table 5.1 lists the seeing (FWHM ) for the frames that nuclear 
profiles were measured in and total exposure times for each filter.
The fitting of any model to these galaxies is to some degree subjective as a 
choice must be made about the minimum radius at which the nucleus is no longer 
affecting the halo profile. To reduce this problem we fitted a wide range of King 
models to the same profiles for a number of minimum radii. The best minimum 
radius chosen from the minimum residual fit was usually in good agreement with 
a by-eye estimate of where the nucleus ends. In some cases the total range in 
surface brightness is not sufficient to tightly constrain a King model and these will 
be discussed in the comments on individual galaxies.
The straight line or exponential fit is also subject to a degree of uncertainty 
for the same reasons. However, some galaxies are clearly fit better by either one 
model or the other and there is a relatively less uncertainty with these. The fitting 
parameters for both models and each galaxy are listed in table 5.3.
Column (5) of table 5.2 (page 122) shows the nuclear magnitudes Bn , which 
were determined from the difference between the surface brightness data and best 
fit King models to the halos. Where necessary the value was converted from Rj\j 
to Bn using the mean B  — R  (column 4).
The bottom box on each of the second figure pages shows the B — R  profiles. In 
some cases the B  profiles did not extend as far as the the corresponding R  profiles 
and so the B  — R  curve is truncated at the last reliable B  radius.
The th ird  figure page (e.g. fig 5.3): As mentioned previously, the final B  
and R  profiles were obtained using fixed position angles and ellipticities. However, 
separate fitting of the surface brightness distributions with a fixed centre but free
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Table 5.3: King and Exponential model param eters for the dEn galaxies.
Galaxy Wo rc Tl /  2 L W ( o ) ^ b e { 0) Scale Length
( i ) (2) ( 3 ) (4 ) (5 ) (6) ( 7 ) (8)
d E n -# l 1.3 38.7 22.1 24.4 23.7 12.4 0.39
dE n-#2 4.2 8.0 10.1 24.1 23.6 5.4 0.59
dEn-#3 2.1 11.0 8.3 24.5 23.9 4.7 0.52
dE n-#4 5.3 9.3 15.1 23.7 23.4 7.8 0.50
dEn-#5 5.8 8.4 15.8 23.1 22.9 7.8 0.87
dEn-#6 6.0 6.5 13.0 22.4 22.3 7.0 0.78
dE n-#7 6.0 7.4 14.8 22.5 22.6 7.2 0.80
dE n-#8 5.2 12.2 19.3 23.7 23.4 9.7 1.08
Notes to Table 5.3: Column (2), (3) and (4) King model central dimensionless 
potential, core radius in arcsec and half-light radius in arcsec. (5) Central B  
surface brightness for the King model. (6), (7) h  (8) Exponential model central B  
surface brightness and scale length (inverse slope) in arcsec/m ag and kpc/m ag.
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ellipticity and P.A. was also performed on the highest S/N frames. These curves 
were used to determine the best fixed ellipticity and P.A. values.
Some galaxies have position angles that start near ±90° and change quickly to 
some other value. This is most likely for one of two reasons: Firstly, any drift of the 
telescope during the exposures will be along the E-W direction and this will show 
as a slight increase of ellipticity at the centre and P.A.« ±90°. Secondly, the poor 
seeing conditions for some of these galaxies will mean that the unresolved nuclei 
will cause e to tend to zero near the nucleus and the P.A. to be correspondingly 
unreliable.
Recently, Binggeli & Cameron (1991, BC) have produced a set of azimuthally 
averaged profiles, plotted in magnitude vs linear radius, for their large sample of 
dwarf galaxies in the Virgo cluster. From these they have characterized the dwarfs 
with a set of “typical” profiles, each of which is assigned a classification. Their 
scheme is idealized, in that all the halos are linear (exponential), as is a sometimes 
apparent excess of light in the transition from halo to nucleus. Of course, any simple 
classification scheme will fail to include many galaxies, especially when there is such 
a wide variety of properties, such as seen in dwarf galaxies. We will try to fit each 
of our galaxies into BC’s classification scheme and identify any discrepancies.
We will assume throughout the following discussions that the Hubble constant 
is in the middle range of common values (H0 = 75kms-1 Mpc-1). The distance 
to Fornax (d=23 Mpc) is from the RSA2 but changed to reflect Ho =  75. All the 
distances to individual NGC parent galaxies have been calculated from the redshifts 
in the RSA. By coincidence, NGC 3923 is at almost the same distance (d=22.6 Mpc) 
as Fornax, NGC 4594 is at d = 13.1 Mpc and NGC 3115 has d=6.6Mpc.
We now discuss the individual dEn.
5 .6 .1  d E n - # l  near N G C  3115
dE n-#l is a satellite of the relatively isolated galaxy NGC 3115 and is the closest 
of the sample. Figure 5.1 shows the nucleation clearly and that the galaxy has a 
smooth distribution of light. The major axis is marked and extends to the radius of 
the last measured point of the surface photometry in figure 5.2. The outer isophote
2A Revised Sliapley-Ames Catalog of Bright Galaxies, Sandage, A. and Tammann, G. A. 1987.
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of the smoothed image corresponds to approximately Hr = 27 or Hr = 28. dEn- 
#1 has the longest exposure times of the sample (see table 5.1) and has the highest 
quality B  and R  profiles. However, because of its relative nearness, the maximum 
measured radius of dEn-#l is the smallest of the sample with Rmax = 1.6 kpc.
The upper boxes of figure 5.2 clearly show that the King model is the superior 
fit to the surface brightness distribution. The exponential model is a straight line 
fit to the points outside of the nucleus and fails to model the distribution well in any 
region of the galaxy. The scale length or inverse slope of the best exponential fit is in 
absolute terms (kpc) the smallest of the sample. The parameters of both the King 
and exponential model fits are shown in table 5.3. The King model dimensionless 
central potential W0 is extremely small compared to all but one other dEn and 
consequently the core radius is quite large (nearly 40") relative to the maximum 
measured radius (nearly 52"). However, if dEn-#l was at the distance of Fornax 
its core radius would be 11" which is similar to dEn-#8 in Fornax and dEn-#3 
near NGC 3923 (also at the same distance as Fornax but not a member of Fornax).
An attempt was made to find a King model that would still fit the galaxy 
well but have W0 more consistent with the other dEn. The best fit was relatively 
insensitive to the choice of minimum radius in the fitting, always converging to 
W0 = 1.3 ±  0.3 and consequently this dEn is an extremely “loose” system.
Other studies of Fornax and Virgo dEn suggest that nuclei are either unresolved 
(Sandage Binggeli,1984; Binggeli et al., 1985) or marginally resolved (Caldwell 
& Bothun, 1987). At the distance of these clusters and in 1" seeing (FWHM ) a 
nucleus of 70 pc radius would be marginally resolved. A dEn nucleus is essentially 
the same as a globular cluster and in this sense only the inner halo of the nucleus 
would be resolved and not its core. Our best seeing was 2.2" and we would not 
expect to resolve any of the Fornax dEn nuclei.
The dashed curves in figure 5.2 show the PSF measured from stars in the same 
frames that the nuclear profiles were obtained. dE n-# l’s nucleus is much more 
extended than the PSF and is partially resolved. We had seeing of 2.2" FWHM  
when observing dE n-#l, but if any of the dEn nuclei were to be resolved, this 
nucleus should be the one due to its relatively proximity. The nucleus appears 
to extend to r=4" before being dominated by the halo. A simple correction for
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the effect of seeing gives the outer observed radius of the nucleus as r=3.3" or 
approximately 100 pc.
Due to the large core radius of the galaxy, the nucleus appears to be sitting on 
a plateau. If dEn-#l was at the distance of Virgo or Fornax, it would be unlikely 
that this would be as evident. For this reason dEn-#l does not fit well into BC’s 
classification scheme, being closest to IVb which has a one component linear halo 
(b denotes a star-like nucleation).
The B  profile did not extend as far as the R  profile (r=52//), so B  — R  only 
extends to r=36//. The nuclear region of the B  — R  profile shows a slight rise of
O. 06 mag above the mean level outside the nucleus, but the error bars suggest that 
this is not significant. There is some evidence of a small gradient from the centre 
to the edge of the galaxy with the edge being approximately 0.13 mag bluer. The 
error bars in the outer parts are dominated by the assumed non-uniformity in sky 
and, based on the scatter of the data points, may be an overestimate of the true 
error. Clearly, higher quality photometric data is required to confirm a gradient of 
this size. But small colour gradients such as these are not surprising as gradients 
in large ellipticals are of a similar size and direction (Cohen, 1986).
Figure 5.3 shows a fast rise in ellipticity outside the nucleus, settling to a fairly 
constant value at larger radii. As suggested above, the small central ellipticity and
P. A.w —90° probably indicates a small drift of the telescope during the exposures. 
Of the 8 galaxies, dEn-#l is the most eccentric (e = 0.38) and shows a small rise 
in ellipticity at large radii with a very stable P.A.
5.6.2 d E n - # 2  & d E n - # 3  near N G C  3923
Both dEn-#2 & dEn-#3 are satellites of the shell galaxy NGC 3923. They are 
quite close together on the sky and were observed simultaneously in the same CCD 
images. Both galaxies are crowded by a number of field stars and this has limited 
the maximum measured radius to 21" (2.3 kpc) for both.
Figures 5.4 and 5.7 show slightly smoothed images of both galaxies. At first 
glance the major axes appear to be aligned with field stars in each frame, but 
figures 5.6 and 5.9 show that the P.A.’s are relatively constant from r=5" outwards. 
Ellipticities behave in a similar way for both galaxies, starting at zero for the
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nucleus, changing quickly to e «  0.1 and then steadily rising with radius. The 
length of the major axis lines show the limit of the photometry measurements. In 
the case of dEn-#2 there is a fall in e at the outer point and this is probably caused 
by the surrounding stars, but the increase in e over the majority of the galaxy is 
real. dEn-#3 also shows an increase in e, but the southern field star is likely to be 
responsible for this beyond r^lO".
The best seeing frame for dEn-#2 was in the B  passband. The total range 
in surface brightness (figure 5.5) only covers 3.5 magnitudes and does not tightly 
constrain a King model. There is a region on the B  profile that appears to be 
outside the nucleus when compared to the PSF, but is still above the King model 
profile. It was not possible to fit a King model to smaller radii without degrading 
the fit at larger radii.
BC’s classification Illb identifies the presence of excess light in the transition 
from nucleus to halo. But the excess in the log-log plot of dEn-#2 is less evident 
in the log-linear plot. The exponential model is a good fit to the halo of dEn-#2 
and deviates at about the same inner radius as the King model. We would classify 
this as being closer to type IVb than Illb.
dEn-#3 is not well represented by a King model. We were unable to fit both 
the inner and outer parts of the halo successfully. Poor seeing is partly responsible 
for the problems at smaller radii. The King model shown in figure 5.8 had the 
smallest residual and best by-eye fit to the data, but we note that Wo = 2.1 is 
quite small compared to all but dEn-#l. The exponential model is a better fit 
to the data, which spans four magnitudes outside the nucleus. This galaxy has a 
single linear halo component and thus is clearly of type IVb.
The halo of dEn-#2 shows a small drop of approximately 0.15 magnitudes in 
B — R  from near the nucleus to the outer radius. The scatter of points is quite 
small compared to the size of the error bars, in which case this gradient is likely 
to be real. There is a small turnover in the B — R  profile at the nucleus, whereas 
for dEn-#l we saw a rise. In the remainder of the galaxies a range of behaviour 
in nuclear B  — R  profiles is seen and this is certainly due to residual differential 
seeing effects.
With the exception of the last few (uncertain) points, dEn-#3’s B — R  profile 
is clearly becoming bluer with increasing radius. A linear least squares fit to all
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points, with weightings based on the error bars, gives a fall of 0.4 magnitudes over 
20 arcsec.
Both galaxies have mean B — R  values of around 1.35 magnitudes. These are the 
reddest galaxies of the sample. All B — R  curves have been corrected for Galactic 
reddening using the charts of Burstein Sz Heiles (1984). Possible explanations for 
these dEn being so red are that dust is present in both galaxies, although visual 
inspection of the images does not indicate any obvious dust. Alternatively, the 
parent galaxy NGC 3923 is a shell galaxy and is the site of a merger event. Both 
dEn are within its outer shells and there may be some reddening due to residual 
dust from the merger. If dust is not responsible then the stellar population must 
be different to the rest of our dEn, but this requires high quality spectra or multi­
colour photometry to verify.
5.6.3 d E n -9^4  near N G C  4594
Figure 5.10 shows dEn-#4 to be fairly circular and relatively smooth in its light 
distribution. The ellipticity has a mean value of 0.08 and the position angle (figure 
5.12) is fairly erratic due to the low ellipticity.
Figure 5.11 shows the B  surface brightness profile of dEn-#4, since it had 
the better seeing. The nucleus exhibits a sharp profile and the halo has a 0.15 
magnitude “wave” when compared to the exponential profile. We checked a number 
of individual B  and R  frames and the wave is consistent throughout the profiles 
derived from B  frames, but is of a much lower amplitude in profiles from the R 
frames. This shows strongly in the B — R  profile, with low values at r«  5/; r~  25" 
and high values near the centre and r~  17". There may be an an unusual dust 
distribution, which would have more affect on the B  profile than R. However, this 
galaxy is among the bluest of the sample, second only to dEn-#l. Visual inspection 
of the B  frames reveals no obvious reason for this wave, with no noticeable small 
scale structure as might be expected if there were dust clouds or star forming 
regions.
Ignoring the wave, both the King model and exponential models are equally 
good fits to the surface brightness distribution. Unlike the previous three dEn, the 
exponential model fits reasonably well right to the centre of the halo distribution, 
only deviating at the nucleus. This would be classified as type Illb.
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5.6.4 dE n-7^5 in the  Fornax cluster
Figure 5.13 shows dEn-#5’s isophotes to be almost perfectly circular. The King 
and exponential model are both reasonable fits to the R  profile (figure 5.14), but 
the King model is a superior fit to the halo. The excess of light outside the nucleus 
(see dashed PSF for comparison), makes this of type Illb. Figure 5.15 also shows 
the galaxy isophotes to be highly circular and so the P.A. (aligned along the E-W 
direction) is not significant. The largest measured radius is indicated by the length 
of the major axis line, which corresponds to 3.4 kpc and makes dEn-#5 larger than 
the previous four galaxies and nearly twice the size of dEn-#l.
The B — R  profile for this galaxy is flat outside nucleus, although there is a 
low amplitude wave like seen in dEn-#4. The nucleus is bluer than the halo by 
0.15 mag and the mean value of points inside 5 arcsec is lower than just outside 5 
arcsec. Differential seeing may be responsible for some of the change seen inside a 
few arcseconds but can’t explain the general reddening over 1 < r < 5".
The total integrated B  magnitude of dEn-#5 is 16.4, which is similar to dEn- 
#1 and dEn-#4 (table 5.2 on page 122). However, when corrected for distance we 
see that it has Mß = —15.4, which is 1.5 magnitudes brighter than the brightest 
non-Fornax dEn. For the 4 Fornax dEn, the mean Mg = —15.6 ±  0.2, whereas 
for the other 4 galaxies Mb  — —13.5 ±  0.4, more than 2 magnitudes fainter. This 
difference will be discussed further at the end of the chapter.
5.6.5 d E n -# 6  in the  Fornax cluster
We only obtained a few short exposures of dEn-#6 in photometric conditions. They 
were intended to calibrate a set of exposures taken on non-photometric nights, 
however, an electronics problem prevented reliable zero pointing of the majority of 
these frames. Fortunately, dEn-#6 is the brightest of the sample with B  = 16.0 
and has a high central surface brightness. It is also the brightest in absolute terms 
with Mb = —15.8. Figure 5.16 shows a relatively smooth distribution of light out 
to the limit of measurement (length of major axis line).
Figure 5.17 shows that the King model is a poor fit and that the exponential 
model is a good fit. The nuclear profile starts to fall, in agreement with the PSF, but 
there appears to be some excess of light between the nucleus and halo, indicating a
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type Illb. The error bars on the B — R profile are larger in the inner regions than 
for the other dEn, corresponding to shorter integration times. The profile is fairly 
flat, out to 15", and the fall over the points beyond is probably not significant.
The ellipticity has a mean of 0.13 and is approximately constant outside the 
nucleus (figure 5.18). Position angle settles quickly to a constant value, changing 
only slightly towards the outer limit of measurements.
5 .6 .6  d E n -# 7  in th e  Fornax cluster
Figure 5.19 shows the high contrast between the nucleus and the core of the galaxy 
immediately surrounding it. The image has been slightly smoothed (gaussian a =
O. 5"), but this changes the formal resolution very little. Table 5.2 shows the nucleus 
to have Mß = —12.2, 1.3 mag brighter than the next brightest (dEn-#6). The King 
model is a good fit to the halo (figure 5.20), although perhaps not falling quickly 
enough at the last few points. The nucleus is very pronounced and is marginally 
resolved. The outer radius of the nuclear excess light (seeing corrected) is 300 pc.
The exponential model is also a reasonable fit, but there are some discrepancies 
between the model and data at intermediate radii. dEn-#7 also shows the excess 
of light outside the nucleus when compared to the PSF. This excess would appear 
less if the exponential model was allowed to fit to points closer to the nucleus, but 
the overall fit to the halo would be worse. The King model fits the profile well from 
about 3" outward. dEn-^7 complies very well with the type Illb classification.
The B — R  profile shows a blueward gradient towards the outside of the galaxy. 
In the mean, this galaxy is the reddest (B — R = 1.25) of the Fornax galaxies, with 
only the NGC 3923 pair (dFn-#2 & dEn-#3) being redder (J3 — R & 1.35).
Figure 5.21 shows the low mean ellipticity (e = 0.07), rising slightly at the outer 
limit of the data possibly due to the presence of a few very faint field stars. The
P. A. curve is more puzzling; low ellipticities give rise to higher uncertainty in the 
P.A. but the variation over 7" occurs with t ~  0.1 and starts in a bright part 
of the galaxy. This isophotal twisting is almost certainly a real feature of dEn-#7, 
but the small ellipticity makes us treat this result with caution.
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5.6.7 d E n -# 8  in the  Fornax cluster
The data on the previous galaxy hinted at some isophotal twisting, inspection of 
figures 5.22, 5.23 and 5.25 leaves no doubt for this galaxy. The ellipticity and 
position angles change fairly smoothly from the centre of the galaxy to the outer 
limit of the data. The upper image of dEn-#8 has the mean major axis position 
indicated on one side of the nucleus, but on the other side, three different position 
angles are marked. They correspond to the mean P.A. (0°, 10° & 40°) for the radii 
they each span. The lower smoothed image shows a slightly larger region around 
the galaxy and that beyond the last measurement (radius of major axis line) the 
galaxy continues to twist and become more eccentric.
The contour map (page 170) has a similar scale to the smoothed image but 
shows a region nearly 30% larger (135 x 135" or 15 x 15kpc). It reveals a further 
isophote beyond that seen in the previous figure and that the P.A. and ellipticity are 
similar for the outer 2 contour levels (r=4.1, 6.1 kpc). This agrees with figure 5.25, 
which shows both curves changing more slowly towards the outer point (r=4.1 kpc).
Strong isophotal twisting indicates that the system is most likely triaxial (Mi- 
halas Sz Binney, 1981; Kormendy, 1982; Jedrzejewski, 1987). This may indicate an 
encounter with another Fornax galaxy, although dEn-#8 does not appear close to 
any of the larger galaxies at the present time.
The King model is a good fit to dEn-#8’s surface brightness distribution (figure 
5.24) and the exponential is a good fit outside r=5". The B — R  curve has some 
non-uniformity in the inner parts, but the nucleus appears to be the same colour 
as the core of the galaxy. However, for r> 10" the mean level is 0.15mag bluer 
than the core and nucleus.
5 .7  S p ec tro sco p ic  D ata: C om p arison s to  G lob u lar C lu s­
te r  S p ectra
For each of the 4 dEn, the globular clusters (GC) that are most similar in spectral 
characteristics are displayed in the same figures (e.g. figure 5.26 on page 173). The 
first two figures show the long-slit spectra obtained on the AAT and the other 
two (5.28 & 5.29) show the multi-fibre spectra. LMC and galactic globular cluster 
ages were obtained from a number of sources (Zinn &; West, 1984; Alcaino et al.,
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1990; Sarajedini &; King, 1989; Olszewski, 1984; Elson Sz Fall, 1985; and Gratton 
1985). For most of the GC’s we have adopted the values from one author, where 
the estimate is in agreement with the majority of available values.
Although we have two colour photometry for each dEn, our motivation was 
driven by the need to obtain high quality surface brightness profiles rather than 
population information. R  filter photometry was mainly chosen due to the superior 
sensitivity of the CCD detector in this band, which offsets the brighter R  sky. We 
also decided to obtain B  frames to allow some comparisons with other studies. 
Unfortunately, B — R  is almost never quoted for GC’s, with UBV being the most 
common passbands.
While the multi-fibre data contains only light from the nucleus of dEn-#6 and 
dEn-#7, the long slit spectra of dEn-#l and dEn-#4 have approximately 20% of 
their light from the main part of the galaxies. This will lead to a broadening of 
their lines and will add a further degree uncertainty to the conclusions for dEn-#l 
and dEn-#4.
The spectrum of dEn-#l is shown in figure 5.26 (lower box) and the LMC 
cluster NGC 1978 is shown in the upper box. NGC 1978 is approximately 2Gyr 
old and [Fe/H]~ —0.5 (Olszewski, 1984). The similarities of dEn-#l and NGC 
1978 are the strength and ratios of the H & K lines, the depth of the 4000 Ä break 
and the Balmer line strengths. At first glance Hp and H7 appear weaker in dEn- 
#1, however, both of these lines fell on continuum features caused by residual sky 
subtraction problems. Closer inspection of the continuum level shows Up and H7 to 
be of similar strengths as in NGC 1978, although possibly still slightly weaker. Van 
den Bergh (1981) gives B — V — 0.78 for NGC 1978 compared to our B  — R  = 0.92 
for dE n-#l, which are relatively consistent for populations of this age. Cross 
correlation of dEn-# 1’s spectrum with a spectrum of NGC 3115 (taken on the 
same night) reveals a relative redshift of Av = —108 ±  50 km s_1. With a projected 
distance of only 11.1 kpc from the centre of NGC 3115, there is little doubt that 
dEn-#l is bound to it.
Figure 5.27 shows NGC 1851, dEn-#4 and NGC 2808. dEn-#4 has similar 
line strengths and a similar Balmer break to both these galactic GC’s. NGC 
1851 has an age of 16±2Gyr and [Fe/H]= —1.27 (Alcaino et al., 1990), whereas,
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NGC 2808 has an age of 15.4 Gyr and mean [Fe/H]= —1.1 (Gratton, 1985). The 
hydrogen lines are slightly stronger in NGC 1851 than NGC 2808, in accordance 
with its slightly lower metallicity. 11$ has been lost in the noise, but the G-band 
(A «  4300 Ä) is similar in all three objects. The Mgb triplet can be seen in 
dEn-#4 and is stronger than either of the GC’s, but H & K are weaker, although 
their relative strengths appear correct. From this, dEn-#4 is most similar to NGC 
1851 in general features, but slightly more metal rich than either. NGC 1851 has 
B — V = 0.54 and B — I  = 1.15 (Alcaino et al., 1990), which is consistent with 
our B — R = 0.97 for dEn-#4. The relative redshift between NGC 2808 places 
dEn-#4 at a redshift v = 1660±50kms_1 (corrected to heliocentric velocity). The 
redshift of NGC 4594 is v — 1089 ±  50kms_1 (RSA) making the relative velocity 
of dEn-#4 Av = 570 ±  50kms_1. The projected separation of the pair is 72kpc, 
making it uncertain whether dEn-#4 is bound to NGC 4594.
Figures 5.28 & 5.29 show NGC 7089, dEn-#6, NGC 7078 and dEn-#7. These 
four objects should be viewed together as they are quite similar in many respects. 
Both the dEn are in Fornax and both GC’s are old galactic. NGC 7089 has an age 
of 15.5±2Gyr with mean [Fe/H]= —1.8 and NGC 7078 has an age of 14.2±1.5 Gyr 
with mean [Fe/H]= —2.0 (Gratton, 1985). The range of ages is given by the two 
different methods Gratton employed, based on RR Lyrae ZAHB models (upper 
age) and PL A calibrations (lower age). The differences between the GC spectra 
are the presence of the Fe/Ca line near A ~  5270 Ä in 7089, virtually no Balmer 
break in 7078, compared to a weak break in 7089 and a more prominent G-band 
with slightly stronger Hydrogen lines.
The only discrepancy here is the reversal of H & K in NGC 7078, which is the 
opposite to that expected for a lower metallicity population. Zinn &; West (1984) 
have higher S/N spectrograms of both these GC’s and the reversal is not present 
in their spectrum of NGC 7078, indicating it is an artifact of the low counts at the 
bottom of the H & K lines in our spectrum.
dEn-#6 is matched with NGC 7089 primarily because of the existence of a weak 
Balmer break in both and similarities in the G-band and Hydrogen line strengths. 
dEn-#7 has virtually no Balmer break and slightly weaker H &; K lines, similar to 
NGC 7078. We do however note the presence of Mgb in both dEn, whereas the
138
GC’s have it only weakly present (visible in Zinn &; West 1984), indicating the dEn 
are of higher metallicity. Comparison to other GC’s in Zinn & West (1984), shows 
the metallicity of both dEn to be most similar to galactic GC’s with [Fe/H]~ —1.4.
dEn-#6 has a redshift of v = 1260 ±  50kms'-1 and dEn-#7 has v = 640 ± 
35kms-1 calculated from comparisons with NGC 7078 and NGC 7089. NGC 1399 
at the centre of Fornax has recession velocity of v = 1465kms_1 (RSA) and thus 
dEn-#6 has a relative shift of Av = —205 ±  50kms_1 to NGC 1399 and dEn- 
#7  has Av = —825 ±  50kms_1. dEn-#8 was also observed with the multi-fibre 
spectrograph, but its spectrum has a low S/N of approximately 10. It has a visibly 
cross-correlation peak when compared to both GC’s, which gives a redshift of 
v = 520 ±  75 km s-1 and Av = — 945±75 km s_1. Although dEn-#6 has a relatively 
low velocity within Fornax, dEn-#7 and dEn-#8 have very high velocities when 
compared to the cluster dispersion velocity of 370 km s“1, determined from 21cm 
observations (Schröder 1991, private communication).
Table 5.4 summarizes the above findings, with ages in Gyr. Age and metallicities 
are of course only approximate.











5.8 D iscu ss io n
There are now a number of studies which contain many hundreds or even thousands 
of dwarf galaxies (e.g. Binggeli et al, 1991). Our aim was not to compete with 
these, but instead to focus on a small set of dEn and obtain high quality CCD 
surface photometry.
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The original intention, to show that dEn are either characterized by a King 
model or an exponential density distribution, underestimated the diversity of their 
properties. In a sample of just 8 galaxies we saw that there was no clear indication 
as to whether a spheroidal (King model) or a disc-like (exponential model) is a 
better fit to dEn in general. We could however see that the halos of some galaxies 
were much better represented by one model or the other, but most are fit better 
by a King model in their core.
The most conclusive evidence for dEn being spheroidal and not disc objects 
comes from the ellipticity histograms of van den Bergh (1986). He demonstrated, 
using Binggeli et al. (1985, VCC) data, that Virgo nucleated dwarf galaxies are 
intrinsically rounder than non-nucleated dwarfs and elliptical galaxies, which is 
inconsistent with their being disc objects.
It could easily be argued that the only reason an exponential appears to fit the 
inner parts of any of these galaxies is purely due to the seeing and equivalently, 
distance. None of the galaxies have sufficient dynamic range in the surface bright­
ness profiles to allow the real determination of whether a King or exponential is 
a better fit, which is the second fall in the King model surface brightness profile 
as it approaches the tidal radius (e.g. figure 2.26 on page 49). In chapter 2 we 
saw the fitting of giant ellipticals that start at £(0) ~  16 mag and extend down to 
£(0) ~  28 mag. With the dEn we can reach the same lower limit but they only (at 
best) start at £(0) «  22 mag. It is unlikely that the profiles could be pushed to 
£(0) > 30 mag without CCD’s that have an order of magnitude better uniformity, 
lower readout noise and very long total integration times.
We have not found any other sources of data for the four non-Fornax dEn. 
Caldwell (1983) observed dwarfs near NGC 3115 and NGC 4594, but not the same 
galaxies. No dEn near NGC 3923 appear to have been observed until now.
The four dEn in Fornax have been observed by a number of other groups. 
We have attempted to find all equivalent measurements for these galaxies from 
other studies. Table 5.5 shows comparisons of our measurements for the Fornax 
dEn with those of Caldwell & Bothun (1987), Davies et al. (1988) and Ferguson 
(1989). In general, the agreement between various groups is good, with only a few 
discrepancies.
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Table 5.5: Comparisons with other studies: Fornax dEn galaxies.
Galaxy B C&B Dav. HCF B n C&B
( i ) (2) (3) (4) (5) (6) (7)
dEn-#5 16.4 16.3 16.2 16.1 21.3 20.6
dEn-#6 16.0 15.8 15.7 15.6 20.9 20.5
dE n-#7 16.1 16.3 16.2 16.0 19.6 19.3
dEn-#8 16.4 16.6 16.1 16.2 22.2 21.5
Galaxy E s e (0) C&B Dav. S.L. C&B Dav.
( i ) (8) (9) (10) ( i i ) (12) (13)
dE n-#5 22.9 22.93 22.7 7.8 8.3 7.8
dE n-#6 22.3 22.48 22.4 7.0 7.9 8.8
dEn-#7 22.6 22.47 22.4 7.2 6.3 7.1
dEn-#8 23.4 23.35 23.4 9.7 10.3 11.1
Notes to Table 5.5: Column (2) shows the integrated B  m agnitude within R m ax 
(see table 5.2). (3), (4) and (5) Total B  magnitude from Caldwell h  Bothun (1987), 
Davies et al. (1988) and Ferguson (1989). (6) B  magnitude of the nucleus, deter­
mined by subtraction of the best fit King model from data. (7) B  magnitude of 
the nucleus from Caldwell & Bothun. (8) Central B  surface brightness; from ex­
ponential model. (9) & (10) Central B  surface brightness from Caldwell & Bothun 
and from Davies et al. (11) Scale length of the exponential model. (12) & (13) 
Scale length from Caldwell & Bothun and Davies et al.
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Total B  magnitudes are very similar, with the largest difference being 0.4 mag­
nitudes between us and Ferguson (1989) for dEn-#6. This was our lowest S/N 
galaxy and our B  total is fainter than in the other 3 studies. Nuclear magnitudes 
are sensitive to the choice of model for the halo and to some extent the seeing PSF. 
For this reason it is not surprising that we see a variation in these estimates. dEn- 
#6 and dEn-#7 agree to within 0.4 mag, but Caldwell Sz Bothun (1987) measure 
both dEn-#5 and dEn-#8’s nuclei as 0.7 magnitudes brighter than us. This ap­
pears inconsistent with the fact that the central surface brightness estimates agree 
to within 0.05 mag for dEn-#5 and dEn-#8, and 0.15 mag for dEn-#6 and dEn- 
#7. Davies et al. (1988) has central surface brightnesses similar to us and C&B. 
Scale lengths are much less in agreement, almost certainly due to the subjective 
fitting of straight lines to halo profiles that are not necessarily straight.
dEn-#8 was the only galaxy to show strong isophotal twisting, although dEn- 
#7 may also be twisted. Its scale length is very large compared to any of the other 
dEn and it is the lowest surface brightness Fornax dEn in our sample (and in Davies 
et al., 1988, see below). The King model fit to dEn-#8 gave a dimensionless central 
potential of Wo = 5.2 which is less than the other Fornax dEn (see 5.3 on page 117), 
and a core radius of 1.4 kpc which is very large when compared to any of the other 
dEn with similar Wo values. If the isophotal twisting is the result of an encounter, 
then it may have come close to being disrupted, causing a rearrangement of its 
halo and a lower surface brightness coupled with a larger scale length.
Both the Fornax dEn that were observed spectroscopically (dEn-#6 h  dEn- 
#7) were consistent with old galactic globular cluster spectra, as was dEn-#4. 
However, dEn-#l was more like a medium age LMC cluster. The two Fornax 
dEn were identified with metal weak GC’s ([Fe/H] =-1.4), but dEn-#4 appeared to 
be most consistent with [Fe/H]=-1.0 and dEn-#l with [Fe/H]=-0.5. Mean B — R 
values show no differences between the two groups of galaxies, although the Fornax 
group have a much smaller spread of values (see table 5.1 on page 117).
We observed dEn in and outside of large cluster environments so that we might 
see some intrinsic differences between them. With only 8 galaxies, the statistics 
of such a comparison are not ideal. The most obvious properties to investigate, 
as done elsewhere in the literature, are those relating to total magnitude, surface 
brightness, nuclear magnitude and scale lengths.
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Binggeli et al. (1984, BST) studied 109 galaxies near the centre of Virgo. One 
of their findings was that lower luminosity galaxies tend to have smaller scale 
lengths and lower mean surface brightness. Davies et al. (1988) studied low surface 
brightness (£#(0) > 22.0 mag arcsec-2) galaxies in the Fornax cluster. In contrast 
to the findings of BST, they found that low surface brightness galaxies tend to have 
larger scale lengths.
We have plotted each of the relationships between Mß, £#£'(0) and scale length 
(figure 5.30 on page 177). Scale length has been shown in kpc/mag and each dEn 
is labeled by its number. The group of points at top right in each figure is the 
Fornax galaxies. They are much brighter and have a higher surface brightness and 
larger scale length than the non-cluster galaxies. For comparison we have plotted 
Davies et al. (1988) values, along with our data for the same set of relationships 
(figure 5.31)
The upper box shows a fairly linear relation between £#(0) in the first figure 
(5.30), but a less obvious relationship when Davies data is included (figure 5.31). 
It should be noted that two of our dEn (dEn-#5 &: dEn-#8) are clearly nucleated, 
but Davies et al. (1988) had classified them as dEO & dE2 respectively. There is 
no doubt that these are the same galaxies, with positions agreeing to the nearest 
arcsecond and the same ellipticities. This raises the question of how many other 
dE’s in their sample are really dEn. One other unusual feature of their sample is 
that, of the 16 (identified) dEn, £#£(0) only varies between 22.1 and 22.8 and 9 
of the 16 have £ß£(0) = 22.4 ±  0.1. For the two dEn identified as dE, dEn-#5 has 
£ b e(0) = 22.7 and dEn-#8 has £ß£(0) = 23.4 (in good agreement with Davies 
values).
Either their sample has some bias against nuclei being identified outside the 
range 22.1 ^  £#£(0) 22.8, or the misidentification of these two dEn was pure
chance and there is a very small range of central surface brightnesses in the Fornax 
dEn. We have not attempted to cross index all of their sample with the other 
studies of Caldwell Sz Bothun (1987) and Ferguson (1989), but intend to do this 
before publication of this work.
In the middle box of figure 5.30 there appears to be a relationship between 
scale length and central surface brightness, but with the inclusion of the Davies 
et al. (1988) dEn, the relationship disappears.
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In the lower box of figure 5.31 we see approximately the same relationship as 
in figure 5.30 (lower box), where brighter dEn have larger scale lengths.
W hile figure 5.30 shows an approximately linear relationship in all three boxes, 
with the the addition of the Davies data the surface brightness vs scale length 
relationship disappears and the M# vs £ß(0) relationship is weaker. We should note 
th a t estim ated central surface brightness from the King and exponential models 
agree reasonably well for our Fornax dEn but for the non-Fornax galaxies there is 
a mean difference of 0.5 mag. We have plotted the King model estim ates in figure 
5.31 as these are more reliable estimates. If we had plotted the exponential values, 
the four dEn at small scale lengths (circles, middle box) would move upwards and 
closer to Davies’ small scale length galaxies.
It could be argued tha t since scale length is derived from the exponential fit, the 
central surface brightness value should be estim ated from the exponential model. 
Figure 5.32 shows the relationship between the King model half-light radius and 
exponential scale length (the slope is approximately 2). The graph shows two 
things, firstly, there were no large errors in fitting either model to any of the 8 
galaxies and secondly, tha t a scale length param eter is not very sensitive to the 
choice of model.
We believe th a t the central surface brightness derived from the King model is a 
much more reliable estim ate of central surface brightness simply on the basis that 
an exponential may fit the halos but rarely fits the core of any spheroidal galaxies. 
The best example of this was d E n -# l, where the nucleus is sitting well inside the 
galaxies core radius and the exponential fit rises approximately 0.7 mag above the 
King central surface brightness. W ith a small sample of galaxies it was possible to 
individually fit each galaxy and adjust the fitting to obtain the best result, but for 
large samples this would be im practical. In this respect a blind fitting of a King 
model, choosing the minimum fitting radius by the width of the PSF would yield 
be tter results than  the equivalent m ethod for an exponential model.
5.9  S u m m a ry
The fitting of standard King and exponential models to the surface brightness 
profiles of the dEn shows tha t the core of the dEn are much better fit by the
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spheroidal model. The fitting outside of the core gives no clear indication of which 
model is better for fitting dEn in general. The King model fit to the galaxies allows 
more reliable estimates of the magnitudes and linear sizes of the nuclei, than the 
exponential model.
The results of the comparison of dEn spectra to globular cluster spectra was 
summarized in table 5.5. There were three dEn with spectra most similar to galactic 
G C’s around 15Gyr and one (d E n -# l) tha t was more consistent with an interm e­
diate age LMC cluster.
The redshift of d E n -# l shows it to be bound to NGC 3115. The low relative 
velocity and close proximity (in projection) makes it a possible candidate for a 
future merger with NGC 3115. The redshift velocity of dE n-#4  relative to NGC 
4594 is approximately 600km s_1and it is separated by 72kpc on the sky. Such 
a high velocity at such a large separation raises doubts about its association with 
NGC 4594, unless the giant galaxy has a very large dark m atter component. W ith 
the Fornax dEn, dE n-#7 has a relatively low projected velocity relative to NGC 
1399, dE n-#6 has a high relative velocity close to 3 times the cluster dispersion 
and dE n-#8 may have an even larger relative velocity, but its measurement has a 
much higher uncertainty.
To summarize the M b , S b (0) and scale length relationship:
Bright dEn have larger scale lengths. However, in the range —13 ^  M b ~  
— 15 the relationship is not as clear. If only the Fornax galaxies are considered, 
the relationship is stronger, especially if the twisted-isophote galaxy dE n-#8 is 
excluded (see label 8 in figures 5.30 and note tha t in figure 5.31 the nearest triangle 
to 8 is also dE n-#8 from Davies et al., 1988). dE n-#8 has the largest scale length 
(of all the dEn) and the lowest surface brightness of the Fornax dEn, which makes 
it the opposite to what the linear relationship would imply.
There is no obvious relationship between central surface brightness and scale 
length.
There appears to be a weak relationship between central surface brightness and 
to tal magnitude, where more luminous galaxies have higher surface brightness. 
Davies data alone does not suggest this and so this relationship should be treated 
with some caution. The tiny range in dEn central surface brightness measured by
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Davies is surprising, but their estimates are in good agreement with us for the 4 
Fornax dEn (see table 5.5). Perhaps if there are more dEn in their sample tha t are 
identified as dE, then this feature of their data would disappear.
5.10 F uture W ork
Is there a difference between the non-cluster dEn and the Fornax dEn? dE n-^2  
and dE n-#3 are both near NGC 3923 which is at approximately the same distance 
as the Fornax cluster. The non-Fornax galaxies are much fainter than  all but one 
Fornax dEn. This may be a selection effect, but if there is any bias in our sample 
it is towards brighter galaxies of higher surface brightness (presumably the same 
bias as Davies et al., 1988), which would not change greatly the apparent difference 
between the non-cluster and cluster galaxies.
The surface brightness of the non-cluster dEn falls well below the 22.4 mag arcsec" 
level of the Davies sample. There is still a risk tha t we have measured 4 unrep­
resentative non-cluster dEn, so further observations are needed to verify this rela­
tionship. As discussed above, there was no clear indication of differences from the 
spectroscopy. A more complete sample of non-cluster dEn may reveal a disparity 
of photom etric properties based on environment.
The pair near NGC 3923 are close together, and there is a third faint dEn 
that was just within the border of some of our exposures. Its presence was not 
discovered until late in the reduction process and was too close to the edge of the 
frames for reliable photometry. This makes 3 dEn within a 3 x 3 arcmin field and 
we have identified at least 2 others near NGC 3923. Considering the similarity of 
dEn-# 2  and dEn-# 3  in terms of colour, central surface brightness and scale length, 
it would be interesting to investigate the remainder of NGC 3923’s dEn population 
to see if any of these properties (especially colour) are common to all.
The future direction of this work should be to observe, photometrically and 
spectroscopically, more non-cluster dEn. The groups doing the m ajor studies of 
Fornax and Virgo clusters are producing large amounts of information on dEn 
as well as all the other dwarf galaxies in those clusters. However, there is little 
information available on non-cluster dEn. There is some evidence, although not
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conclusive, for morphological and perhaps metallicity differences between dEn in 




Figure 5.1: d E n -# l near NGC 3115, sum of all R  CCD frames. Lower image has 







Figure 5.2: Surface photometry for dEn-#l near NGC 3115. Top graph shows R
band data and best fit King model to the halo. Middle graph shows an exponential
fit to the halo and bottom graph shows B — R. Dashed lines are the PSF determined




Figure 5.3: Ellipticity and Position Angle variation for d E n -# l near NGC 3115. 
Both curves were determined from the sum of all R  frames for this galaxy.
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Figure 5.4: dE n-#2  near NGC 3923, sum of all R  CCD frames. Image has been 





Figure 5.5: Surface photom etry for dE n-#2 near NGC 3923. Top graph shows B 
band data and best fit King model to the halo. Middle graph shows an exponential 




Figure 5.6: Ellipticity and Position Angle variation for dE n-#2 near NGC 3923. 





Figure 5.7: dEn-#3 near NGC 3923, sum of all R  CCD frames. Image has been 
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Figure 5.8: Surface photom etry for dE n-#3 near NGC 3923. Top graph shows R 
band data and best fit King model to the halo. Middle graph shows an exponential 




Figure 5.9: Ellipticity and Position Angle variation for dE n-#3 near NGC 3923. 
Both curves were determined from the sum of all R  frames for this galaxy.
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EFigure 5.10: dEn-#4 near NGC 4594, sum of all R  CCD frames. Lower image has 





Figure 5.11: Surface photom etry for dE n-#4 near NGC 4594. Top graph shows B  
band data and best fit King model to the halo. Middle graph shows an exponential 
fit to the halo and bottom  graph shows B — R.
158
Major Axis [a rcsec ]
O---- 0
Major Axis [o rcsec ]
Figure 5.12: Ellipticity and Position Angle variation for dEn-#4 near NGC 4594. 
Both curves were determined from the sum of all R  frames for this galaxy.
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Figure 5.13: dEn-#5 in Fornax, sum of all R CCD frames. Image has been gaussian 





Figure 5.14: Surface photometry for dEn-#5 near NGC 1399 in Fornax. Top graph 
shows R  band data and best fit King model to the halo. Middle graph shows an 
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Figure 5.15: Ellipticity and Position Angle variation for dE n-#5 in Fornax. Both 
curves were determined from the sum of all R  frames for this galaxy.
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Figure 5.16: dE n-^6  in Fornax, sum of all R  CCD frames. Image has been gaussian 
smoothed (er =  1 pix) to enhance the isophotes for display.
163
Major Axis [arcsec]
M ajor Axis [a rc s e c ]
10 15
Major Axis [arcsec]
Figure 5.17: Surface photometry for dEn-#6 in Fornax. Top graph shows R  band 
data and best fit King model to the halo. Middle graph shows an exponential fit 
to the halo and bottom graph shows B — R.
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Figure 5.18: Ellipticity and Position Angle variation for dE n-#6  in Fornax. Both 
curves were determined from the sum of all R  frames for this galaxy.
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Figure 5.19: dEn-#7 in Fornax, sum of all R  CCD frames. Image has been gaussian 





Figure 5.20: Surface photom etry for dE n-#7 in Fornax. Top graph shows R  band 
data  and best fit King model to the halo. Middle graph shows an exponential fit 







Figure 5.21: Ellipticity and Position Angle variation for dEn-#7 in Fornax. Both 
curves were determined from the sum of all R  frames for this galaxy.
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Figure 5.22: dEn-#8 in Fornax, sum of all R  CCD frames. Lower image has been 
gaussian smoothed (er = 1 pix) to enhance the isophotes for display. This galaxy 
shows a clear isophotal twisting with increasing radius.
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oFigure 5.23: Contour map of dEn-#8. Axes are marked in pixels (lp ix=  0.56") 





Figure 5.24: Surface photometry for dEn-#8 in Fornax. Top graph shows R band 
data and best fit King model to the halo. Middle graph shows an exponential fit 
to the halo and bottom graph shows B — R.
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Figure 5.25: Ellipticity and Position Angle variation for dEn-#8 in Fornax. Both 




Figure 5.26: Upper box: Spectrum of LMC globular cluster NGC 1978, age 2Gyr, 
[Fe/H]« —0.5 (Olszewski, 1984). Lower box: Spectrum of dEn-#l near NGC 3115. 





Figure 5.27: Upper box: Spectrum of Galactic globular cluster NGC 1851, age 
16±2Gyr, [Fe/H]= —1.3 (Alcaino et a/., 1990). Middle box: dEn-#4 near NGC 
4594. Lower box: Galactic globular cluster NGC 2808, age 15.4 Gyr, mean
[Fe/H]= —1.1 (Gratton, 1985). 174
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Figure 5.28: Upper box: Spectrum of Galactic globular cluster NGC 7089, age 
15.5±2 Gyr, mean [Fe/H]= —1.8 (Gratton, 1985). Lower box: Spectrum of dEn-#6 




Figure 5.29: Upper box: Spectrum of Galactic globular cluster NGC 7078, age 
14.2±1.5Gyr, mean [Fe/H]= —2.0 (Gratton, 1985). Lower box: Spectrum of 
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Figure 5.30: Relationships between dEn central surface brightness of halos (from 
King model fitting), total B  magnitude and scale lengths (in kpc/mag). Numbers 
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Figure 5.31: Relationships between dEn central surface brightness of halos, total 
B  m agnitude and scale lengths. Triangles are from Davies et al. (1988) and circles 
are the same as in the previous figure.
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Figure 5.32: Half-light radius from the best fit King model vs the scale length from 
the exponential model.
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